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CHAPTER I
Introduction
Plants require phosphorus (P) for nucleic acids,
phospholipids, phytin, and for the energy storage and
transfer compounds adenosine triphosphate (ATP) and
phosphopyridene nucleotides (NAD and NADP).Insufficient
levels of P in soil may affect plants by causing
phytohormone imbalance, delayed and diminished flowering,
poor photosynthetic efficiency, and a general reduction of
most metabolic processes (Marschner, 1986; Stevenson,
1986) .
Soils contain from 200 to 5000 Ag P g-1, and average
about 500 Ag P g-1 (1000 kg ha-1).The extent of total
soil P is small considering annual crop removals of 10 to
40 kg P ha-1, and particularly considering that most of
the soil P is not readily available for plant use (Barber,
1984).The low plant-availability and finite supply of
indigenous soil P resulted in the widespread use of
fertilizer P to optimize crop production.Although the
earth's crust is about 0.12% P, over 99% of this P is in
marine sediments.Worldwide reserves of minable phosphate
minerals deposited in ancient seas include about 5 X 1013
kg P, about 10% of which is in North America.Phosphate2
sufficiently economical for use as fertilizer is
nevertheless a scarce commodity.At the present mining
rate (7 X 1010 kg of rock phosphate yr-1), reserves of
phosphate mineral will be depleted in about 700 years.
However, should usage of P fertilizers continue to grow at
recent rates, known reserves of phosphate minerals will be
depleted in about 100 years (Stevenson, 1986).One can
expect the last increments of P to be mined at much
greater expense than the first.Ultimately, changes must
be made in agricultural P fertilizer practices.Those
changes will likely include the use of P-efficient plants,
and the improved compatibility of plants with their P-
deficient soil environment through microbial
intermediaries.
The objective of this study was to examine mycorrhizal
factors affecting the efficiency of P uptake by pear, and
intrinsic plant factors affecting the efficiency of P
uptake by wheat.
Describing P uptake
Phosphorus uptake by plants is a function of many
factors, including (in approximate order of importance):
root growth rate, soil solution P concentration, root
surface area, soil buffering capacity, diffusion of P
through the soil, the rate of P uptake by the plant at the
soil-root interface, and transpirational water flux3
(Barber, 1984).The P uptake rate of the plant was a
focal point for this research.
Kinetics of plant uptake of a nutrient, including P,
can be described by the following modification of the
Michaelis-Menten equation:
I =( ;pax) (C-Cmin) /(KM +(C-Cmin)
where'ma,= the maximum influx at high concentrations of
the nutrient in solution; C = soil solution nutrient
concentration; cmin = nutrient concentration at which net
influx (I) = 0; KM = the nutrient concentration in
solution minus cmin where I is one-half Imm (Barber, 1984).
Nutrient uptake by plants often does not follow a
Michaelis-Menten-type curve (McLachlan, et al., 1987).
Nevertheless, models often assume Michaelis-Menten
behavior (Oats and Barber, 1987) and are often in
reasonable agreement with actual uptake, provided either
that the assumption of no root hairs and no mycorrhizae is
not too blatantly violated or that their effect is
incorporated into the model (Barber, 1984).
Root hairs and mycorrhizae were important in this
research.Root hairs profoundly affect surface area and P
uptake (Barber, 1984; Itoh and Barber, 1983; Barley and
Rovira, 1970).Likewise, mycorrhizae alter the effective
surface area of a root.In addition, mycorrhizal fungi4
transport P from beyond the nutrient depletion zone to the
root, may access a pool of P unavailable to the
nonmycorrhizal plant, and may have lower Km or Cmin values
than the plant itself, thereby directly affecting the
kinetics of P uptake by the plant (Smith and Gianinazzi-
Pearson, 1988; Clarkson, 1985).
Explanation of research
The original intent for this thesis was the study of P
nutrition of pears as affected by mycorrhizae (Chapter
II).This topic was chosen for practical reasons.Trees
in Hood River County, Oregon, growing on Parkdale soil (a
P-sorbing soil of volcanic origin) express symptoms of P
deficiency, but responses to P, mycorrhizal inoculum, and
fumigation seem inconsistent.It was believed that the
problem could be defined and solved within the time
constraints of a doctoral study.This was both an under-
and an over-estimation.The problem was readily defined
by demonstrating a strong dependence of pear on
mycorrhizae, and by demonstrating the strength of Parkdale
P sorption.Solving the problem, however, was beyond the
scope of a doctoral study because before definitive
recommendations could be made to growers, long-term data
from established trees is needed.Chapter III was
included to offer suggestions to future researchers
desiring to build upon the findings of Chapter II to5
answer questions of direct interest to pear growers.
The Parkdale soil has gained notoriety as an
interesting soil for P studies, due mainly to its moderate
pH and its great capacity for P sorption and resulting
high P-buffering capacity.During the pear study the
Parkdale soil was recognized as an ideal medium on which P
nutrition differences in wheat cultivars could be
examined.Two cultivars with differing field responses to
P were grown in Parkdale soil and in soilless media.This
comparison of P uptake differences between cultivars
comprises Chapter V.
While comparing wheat cultivars in soil, it became
desirable to separate the "apparent" kinetics of plant P
uptake in soil from the more "pure" kinetics of P uptake
from nutrient solution.Attempts to measure Michaelis-
Menten kinetic parameters using a steady-state hydroponic
system resulted in the development of a method for
estimating uptake kinetic parameters.Chapter IV
chronicles the evolution of that method, and is inserted
before Chapter V because the kinetics data in Chapter IV
strengthen the conclusions of Chapter V.6
CHAPTER II
Pear Seedling Response to Phosphorus,
Fumigation, and Mycorrhizal Inoculation7
ABSTRACT
The effects of P, fumigation, and mycorrhizal
inoculation on 'Bartlett' pear (Pyrus communis L.) seedlings
were evaluated on the P-sorbing, Parkdale soil
(Vitrandepts).The P treatment levels were 0.03, 0.04,
0.06, 0.09, 0.15, 0.25, and 0.40 mg P L-1 of soil
solution, based on a P-sorption isotherm.At age 145 d,
dry wt, plant height, and stem caliper responses to P and
to biological treatments were highly significant as were
all interactions.At P levels 0.03 through 0.25 mg L1
the greatest growth was observed in either the unfumigated
control or the Gloms intraradices Schenck and Smith
treatment.At the highest P level the greatest growth was
observed in the Glomus deserticola Trappe, Bloss & Menge
treatment.Also at the highest P level, mycorrhizal
infection and concentration of Zn and Cu declined in
control plants, but not in inoculated plants.The control
treatment required 0.25 mg P L-1 for maximum growth.This
corresponds to 723 mg P kg' soil based upon the P-
sorption isotherm.8
INTRODUCTION
Pear trees growing on P-deficient orchard sites
manifest poor shoot development, purplish leaves, and low
yield (Taylor, 1982; Burkhart, 1985a).If pears are
dependent upon mycorrhizae for P, growers who fumigate the
soil on such sites prior to planting may be exacerbating
the P-nutrition problem by altering the microbial milieu.
Neither the P requirement nor the mycorrhizal dependence
of pears has been firmly established.The volcanic soil
at Parkdale, Oregon, on which young pear trees often
express deficiency symptoms and seem to respond to P,
provided the opportunity to study P nutrition of pears.
Phosphorus nutrition data for pears is scant and
inconclusive.Because of the rarity of an irrefutable
response to P on established pear trees, investigators
have historically assumed that orchard soils had adequate
supplies of native P (Burkhart, 1985b).Boynton and
Oberly (1966) report many instances in which no pear
response to P could be confirmed and two instances in
which suspected P deficiency may have been corrected by P
fertilizer.Responses to P have been demonstrated in two
crops closely related to pear, i.e., apple(Malus domestica
Borkh.) (Raese, 1985 and 1986) and Japanese pear(1'3u-us
pyrifolia(Burm.) Nak.)(Noda, 1974; Koto et al., 1979).
In a notable exception a P response in apple was9
anticipated but could not be demonstrated (Maul, 1980).
Because many pear growers fumigate the soil prior to
planting, non- or poorly mycorrhizal young trees may
suffer nutritionally.Gianinazzi et al. (1986)
demonstrated abnormal development of a pear cutting on
sterilized soil and suggested a strategy for inoculating
soil with vesicular-arbuscular mycorrhizae (VAM) fungi.
Mycorrhizal effects on apple have been documented (Mosse,
1957; Miller et al., 1985; Plenchette et al., 1983; Reich,
1988).Several authors have examined combined effects on
apple of P addition and soil inoculation (Hoepfner et al.,
1983; Koch et al., 1982; Geddeda et al., 1984; Covey et
al., 1981), but none included pears in their study, and
none defined P treatments in a manner which would allow
extrapolation of results to other soils.
This study describes the P response of pear seedlings
in control, fumigated, and VAM-inoculated soil.The
research is intended to improve P management of pears,
especially those grown on P-deficient soils.To this end,
the P status of the soil was thoroughly described and P
treatments were established using a P-sorption isotherm so
that the results of the study would apply to soils of
varying P contents and sorption capacities.Also, the VAM
inoculants used in the study were common, commercially
available species.10
MATERIALS AND METHODS
A completely randomized experiment with three
biological treatments (control, fumigated, and fumigated +
inoculated with VAM) and seven P levels in factorial
combination was replicated four times in a greenhouse.
The experiment began in the winter with natural light
supplemented by fluorescent lighting (13-h daylength), at
temperatures of 18C during the day and 16C at night.
'Bartlett' pear seedlings were grown in Parkdale soil
(medial mesic Umbric Vitrandepts), excavated from the 10-
35 cm depth of a border area between two P-deficient pear
orchards.The soil had the following chemical analysis:
pH 6.2; organic matter 36 g kg-1; cation exchange capacity
14.5 cmol, kg-1; soluble salts 0.015 S m-1; P 3 mg kg-1 by
acid F extraction, and 4 mg kg-1 by NaHCO3 extraction;
exchangeable K, Ca, Mg, and Al 3.8, 37, 5.9, and <1 mmol,
kg-1, respectively.
For the treatments requiring fumigation 33 mL
chloropicrin was injected into 200-liter barrels of soil,
which remained sealed for 10 d.Seven P levels were
applied to each biological treatment by mixing 0, 0.32,
1.01, 1.71, 2.33, 2.94, or 3.54 g Ca(H2PO4)21120 per kg
soil.These levels correspond to soil-solution P
concentrations of 0.03, 0.04, 0.06, 0.09, 0.15, 0.25, and
0.40 mg P L-1 on a P-sorption isotherm (Figure II.1) as
described by Fox and Kamprath (1970).A 4.5 kg quantity11
of treated soil was placed into 92 8-liter pots.
Fumigated soils requiring VAM inoculation received 13 mL
of inoculum (NPI, Salt Lake City, Utah) which was applied
over a 10-cm diameter area on a layer of soil 5 cm from
the bottom of the pot.The remainder of the soil was
placed over the inoculum.This placement allowed roots to
grow through the band of inoculum.The four replications
of each inoculated treatment were subdivided into two
replications each of Glomus intraradices and Glomus deserticola.
Two additional biological controls were established at
the 0.04 mg P L1 level.For one, soil which had not been
fumigated was inoculated as above.In the other, inoculum
was suspended over a 30 gm sieve staged above a 20 gm
sieve then washed with 40 mL water.Another portion of
inoculum was autoclaved.The autoclaved inoculum and the
filtrate collected by sieving was placed in pots of
fumigated soil as in the fumigated + inoculated treatment.
This allowed a control having an array of chemical and
microbial species similar to the inoculum but lacking live
fungal propagules.
Pear seeds were stratified in autoclaved, moist
vermiculite for 14 wk at 4C, then placed in plastic growth
tubes at room temperature.The mean germination date was
15 Dec. 1987.Seedlings were transferred to the
greenhouse to acclimate on 26 Dec. 1987, and were12
transplanted to pots on 29 Dec. 1987.Pots received a
banded application of micronutrients in aqueous suspension
(0.2 g Peter's Fritted Trace Elements per pot) 7 days
after transplanting (DAT).Until 9 DAT, plants tops were
occasionally sprayed with dilute fungicide, (about 50 mg
Benomyl L-1).Plants were watered as necessary and
received 50 mL of 0.1 M NH4NO3 at 2-wk intervals for three
applications, beginning 7 DAT, and an equivalent amount of
N as Ca(NO2)2 thereafter. At 4-wk intervals beginning 14
DAT each pot received 20 mL of a solution containing 0.03
M K2SO4 + 0.24 M MgSO4.
Stem height from the attachment of the cotyledon to
the base of the terminal bud was measured at 4-wk
intervals.Stem caliper between the cotyledon and the
first true leaf was measured at 143 DAT.Plants were
harvested at 145 DAT, after which tissue dry weights were
determined.Nutrient analyses were performed on nitric-
perchloric acid digests of the various plant tissues.
Tissue P concentrations were determined colorimetrically
by molybdate-blue (Murphy and Riley, 1962); metal
concentrations were determined by atomic absorption.
Roots were cleared and stained using trypan blue and
lactoglycerin (Phillips and Hayman, 1970), and the extent
of root colonization by VAM was estimated (Biermann and
Linderman, 1981), reading 25 fragments per plant.Anion13
exchangeable P (Hedley et al., 1982), and Acid F- and
NaHCO3- extractable P (Olsen and Sommers, 1982) were
measured on cropped soils.Soil P fractions were
determined by the method of Hedley et al. (1982) using HC1
rather than H2SO4.Desorbed, water soluble P was
determined by shaking 3 g soil in 30 mL 0.01 M CaC12 for
0.5 hr every 12 hr for 6 d, centrifuging, then measuring P
in the supernatant.
Because P was added as calcium phosphate, a growth-
chamber trial was conducted to separate effects of Ca and
P by growing pears in 0.45 kg soil treated with
Ca(H2PO4)21120 to obtain 0.15 mg P L-1 of soil solution, or
with an equivalent amount of P as NaH2PO4, or with an
equivalent amount of Ca as CaSO4.Cultural practices were
similar to those above, except that N was always added as
NH4NO3.At 63 DAT, plants were harvested, measured, and
prepared for nutrient analysis.
Effects of P level and biological treatments on tree
growth and nutrient concentration and uptake were
evaluated by analysis of variance.Treatment means were
compared using LSD at P = 0.05.14
RESULTS
The trial conducted to determine whether P or Ca was
the limiting growth nutrient in Parkdale soil demonstrated
that height, dry weight, and Ca and P uptake of plants
from the two treatments receiving P were similar and
significantly greater (P = 0.05) than from the treatment
receiving Ca without P.Therefore, throughout this study,
any response toCa(H2PO4)2is considered a response to P.
All top growth responses to P and to biological
treatments (B) were highly significant (P = 0.01), as were
all P X B interactions.The stem caliper response (Figure
11.2) illustrates the general trend observed for all
growth measurements.Figure 11.2 and Table II.1
illustrate that top growth in the control treatment peaked
at 0.25 mg P 1,-1 in soil solution, whereas growth on the
fumigated soil was maximized at the highest P rate (0.40
mg P L-1).Growth of plants inoculated with G. intraradices
was superior to that of G. deserticola at P levels up to
0.25 mg P L-1, but the opposite was observed at the
highest P level.The P X B interaction also significantly
(P = 0.05) influenced root dry weight.Roots in the
fumigated treatment were smaller than others except at the
0.25 and 0.40 mg P1,-1level.At the 0.40 mg P 1J-1 level,
root dry weights of the control, fumigated, and fumigated
+ inoculated treatments were 9.8, 12.6, and 13.5 g (LSD =15
3.5) .
With the exception of a single root segment, roots in
the fumigated treatment were not mycorrhizal.In the
control treatment every root was mycorrhizal, but P level
significantly affected infection rate.Infection
increased stepwise from 17.7% at the lowest P level (0.03
mg P IJ-1) to 39.6% at the 0.25 mg P 1,1 level.At the
highest P level (0.40 mg P 14-1) infection decreased
significantly (P = 0.05) to 11.7%.Many segments of
inoculated roots were mycorrhizal.Mean infection rates
for G. deserticola ranged from 0% at the 0.03 and 0.04 mg P
IJ-1 levels to 4% at the 0.06mg P IJ-1 level.Infection
rates for G. intraradices ranged from 0% at the 0.03, 0.15,
and 0.40 mg P 1,-1 levels to 5% at the 0.06 mg P 1,1 level.
Because of the differing morphology of the inoculant
species, a comparison of infection levels between species
has little validity.
Shoot concentrations of Ca, Cu, and Zn decreased and
uptake increased as P level increased from 0.04 to 0.25 mg
P L1 (Table 11.2).The same was true of Fe, K, and Mg
(data not shown).At the lowest P level most plants
either died or were severely stunted, resulting in
anomalous nutrient concentrations.An increase in both
concentration and uptake was observed for many nutrients
between the 0.25 and 0.40 mg P kg-1 levels, especially in16
the inoculated treatment.Of particular interest at the
0.40 mg P kg-1 level is the marked decrease in both
concentration and uptake of Zn and Cu in the control
treatment. In contrast, between the 0.25 and 0.40 mg P
kg-1 levels, Zn and Cu uptake increased in the inoculated
treatment with concentration remaining constant.
Inoculating unfumigated soil at the 0.04 mg P kg-1
level (Table 11.3) failed to improve growth or nutritional
status.Also, there was no difference between fumigated
treatments receiving no inoculum, autoclaved inoculum, or
G. deserticola inoculum, but G. intraradices inoculum improved
growth and nutritional status.
Table 11.4 illustrates partitioning of soil P as
measured after crop harvest.Because values from
fumigated and unfumigated soil did not differ
significantly, the data were pooled.Most of the P added
was recovered by the NaOH extract, and can be considered
to be chemisorbed + organic P.The two fractions were not
separable in this study, presumably because of
precipitation of Al and Fe phosphates upon acidification
(Holtzclaw et al., 1978), but a measured carbon level of
31 g kg-1 soil in the NaOH extract indicated that most of
the P extracted was inorganic (chemisorbed).Available-P
index values are reported in Table 11.5.17
DISCUSSION
Because growth in the additional controls established
at the 0.04 mg P kg-1 level (Table 11.3) clearly related
to mycorrhizal infection, we concluded that the response
to inoculation observed throughout the experiment was the
result of mycorrhizal infection, rather than some chemical
or biological effect of the inoculum carrier.Also from
Table 11.3, the unfumigated inoculated treatment had lower
nutrient uptake and less growth than the unfumigated
uninoculated treatment.The differences were not
significant, but raised a question about the value of
inoculating unfumigated soil.Perhaps the indigenous
inoculum is more effective than the introduced species.
In the unfumigated control, Zn and Cu uptake and VAM
infection declined dramatically from the 0.25 to the 0.40
mg L1 P level.This is consistent with a declining
concentration of Zn and Cu with increasing P in apples, as
reported by Plenchette, et al. (1983), and with declining
VAM infection with increasing P in apple as reported by
Geddeda et al.(1984) and Hoepfner et al. (1983).Because
P concentration does not decline at the 0.40 mg P 1J-1
level, P is not the growth-limiting factor, despite the
low level of VAM infection.Presumably, a P-induced
decrease in VAM infection left the plant vulnerable to a
deficiency of minerals such as Zn and Cu for which uptake
depends heavily on mycorrhizae (Clarkson, 1985).A18
question remains whether the increased mineral uptake by
the fumigated + inoculated treatment was the result of
larger roots, healthier roots, or greater VAM
effectiveness.The G. intraradices treatment resulted in no
measured infection at the highest P level.This does not
necessarily imply the lack of VAM, because the method for
enumerating VAM requires the presence of internal
structures for a positive measurement.The G. intraradices
inoculum resulted in much hyphae that was not associated
with internal structures, but which may have been
nutritionally beneficial to the plant.
In the control treatment, growth by all criteria
studied (Table I1.1, Figure 11.2) peaked at the 0.25 mg
P level.The intraradices treatment peaked at either
0.09, 0.15, or 0.25 mg P L1, depending on the growth
criterion.This agrees with Beckwith (1965) who believed
that 0.2 mg P 1:1 in soil solution would be adequate for
most crops, and that P requirements for crops in general
would not vary greatly from this level.Studying various
crops, Fox (1981) reported yields within 95% of maximum at
soil solution P levels ranging from 0.005 to 0.3 mg I:1,
with many crops reaching the 95% level near 0.2 mg 1:1.
Although growth of the control was optimal at the 0.25 mg
1:1 P level, neither the fumigated,nor G. deserticola
treatment reached maximum growth even at the highest P19
level.Therefore from a management perspective, one might
consider 0.25 mg P L1 of soil solution as the minimum
target P level for optimal growth.Soil-test values in
Table 11.5 for Acid F-extractable P and NaHCO3- extractable
P corresponding to 0.25 mg P 1J-1 in soil solution are
considerably greater than the respective 20 and 10 mg
kg', above which no P response is expected (Olsen and
Sommers, 1982).These standard soil tests would be of
little use for pears on Parkdale soil without crop- or
soil-specific calibration.
Data from this experiment is in accord with previous
apple studies and with field observations of pear.For
apples, Koch et al. (1982) found no benefit from
inoculating unfumigated soil, a large response to
inoculating fumigated, low-P soil, and a decline in growth
at very high P levels.In the field, pear growers on the
Parkdale soil report a positive growth response in new
plantings to fumigation, presumably because of the
presence in unfumigated soil of various pathogens that are
collectively referred to as the cause of apple (or pear)
replant disease (Cameron et al., 1986; Westcott et al.,
1986; Mai and Abawi, 1978).Growers also report a
response to large applications of P and an additive
response to P + fumigation, but no response to
inoculation, either alone or in combination with P and
fumigation (unpublished data, D.J. Burkhart).Nurserymen20
disagree on whether their rootstocks are mycorrhizal when
sold (personal communications).Assuming the trees are
mycorrhizal when obtained from the nursery, the
"fumigated" field treatment is actually a fumigated +
inoculated treatment and agrees in principle and result
with the fumigated + inoculated treatment in this study.
In summary, pear seedlings responded significantly to
soil applications of P but the effects depended on
biological treatment.The control treatment and G.
intraradices inoculation resulted in greatest growth up to
the P treatment level of 0.25 mg P 1,-1 of soil solution,
but G. deserticola inoculation resulted in greatest growth
at the highest P level (0.40 mg L-1).Because VAM
infection in the control at the highest P level was lower
than at other P levels, the growth-limiting factor in the
control may have been a deficiency of a nutrient such as
Cu or Zn for which uptake is normally enhanced by VAM.
Growth in the control peaked at the 0.25 mg L-1 P level.
That P level corresponded to 27 mg P kg-1 soil by the Acid
F test, 75 mg P kg-1 soil by the NaHCO3 test, and required
the addition of 723 mg P kg-1 to the Parkdale soil.
Chemisorption accounted for much of the Parkdale P-
sorption capacity.Future research should study long-term
effects of P rate and placement, fumigation, and
inoculation in the orchard.21
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Figure 11.2. Pear seedling stem caliper as influenced by
soil solution P.(A) control (unfumigated), chloropicrin
fumigated, and fumigated + inoculated treatments. (B)
separate inoculants within the fumigated + inoculated
treatment.Table 11.1.Mean pear seedling growth from 145-day
greenhouse trial.
Soil
Solution
P level
1mq L1) ControlFumigated Mean
24
Fumigated+inoculated with G.spp.t
intraradicesdeserticola
Top dry wtt(g)
0.03 0.5 0.2 0.3 0.3 0.3
0.04 11.4 0.2 3.2 6.0 0.4
0.06 11.4 1.8 9.2 11.1 7.3
0.09 12.1 7.0 23.2 35.8 10.5
0.15 21.2 13.1 27.3 36.2 18.3
0.25 31.3 15.4 24.0 29.1 19.0
0.40 20.1 31.1 42.5 30.9 54.0
Plant heights(cm)
0.03 3.6 2.2 2.8 2.8 2.8
0.04 42.5 2.6 10.5 17.1 4.0
0.06 29.6 10.3 39.8 27.9 51.7
0.09 35.0 21.7 88.9 132.9 44.8
0.15 81.0 52.2 78.5 106.9 50.1
0.25 111.0 49.4 78.7 91.3 66.1
0.40 80.5 96.7 138.6 112.1 165.1
tMultiply LSD values by 1.4
indivdual species.
tLSD.05 for mean comparisons
§LSD.05 for mean comparisons
for mean comparisons involving
within column or row = 9.4
within column or row = 39.9Table 11.2.Pear seedling mineral copcentration and uptake, mean of four plants from
P levels 0.04, 0.25, and 0.40 mg P L J- and three biological treatments (B).
ANOVA Control Fumigated Inoculated
P BPXB .04 .25 .40 .04 .25 .40 .04 .25 .40
Ca conc.(g kg-1
)** ns 8.1 8.0 8.916.4 8.2 9.317.0 9.2 9.8
Ca uptake (mg) ***** 93 263 182 3 130 295 28 221 418
Cu conc.(mg kg-1) * **ns 9 5 4 6 3 3 5 5 5
Cu uptake (Mg) ****** 96 160 84 1 51 90 18 118 188
P conc.(g kg-1) ****** 1.0 1.1 1.2 0.5 1.0 1.0 0.5 1.3 1.4
P uptake (mg) ****** 11 35 24 <1 16 31 2 32 56
Zn conc.(mg kg-1) **nsns 19 13 9 33 15 11 21 23 23
Zn uptake (Mg) ****** 217 421 182 6 233 338 74 545 909
ns,*,** Nonsignificant or significant by F-test at P =0.05or 0.01, respectively.Table 11.3.Pear seedling growth and nutrient uptake at harvest from the control (C),
fumigated (F), and fumigated + inoculated (I) treatments, and from two additional
controls: unfumigated + inoculated (CI), and fumigated inoculated with sieved,
autoclaved inoculum (FA), all grown at the 0.04 mg L P level.
Unfumigated Fumigated
I t
C
Stem length (cm) 42.5+
Top dry wt (g) 11.4
Caliper (mm) 7.5
Ca uptake (mg) 93.5
Zn uptake (mg) 0.22
P uptake (mg) 10.8
Mycorrhizal
infection (%) 17
CI
26.6
7.2
6.0
46.7
0.08
5.0
16
F des. int. FA
2.6a 4.0a 17.1b 4.4a
0.2a 0.4a 6.0b 0.5a
2.4a 3.0a 6.2b 2.6a
3.1a 9.9a46.3b 8.6a
0.Ola0.Ola0.14b0.01a
0.1a 0.2a 3.4b 0.5a
Oa Oa 4b Oa
tlnoculated with G. deserticola or G. intraradices.
+Because of unequal variances, data under the "Unfumigated" and "Fumigated" headings
were analyzed separately.For all parameters reported, "Unfumigated" differences
between C and CI were not significant."Fumigated" values in a row followed by the
same letter are not significantly different at P = 0.05.Table 11.4. Organic (Po) and inorganic (Pi) phosphorus fractions, determined,after
harvest of pear seedlings grown in soil amended with 0, 420, or 723 mg P kg 1.
Extraction
(P fraction)
Uncropped
No P
Cropped.P added(mg kg )
0 420 723
NaHCO
3
mg Pkg-1 soil
(Po + labile Pi) 109±17t 145±30 311±69 380±45
NaOH
(Po + chemisorbed Pi) 537±212 478±44 820±50 1087±70
NaOH after sonicating
(Occluded P) 263±36 196±28 283±57 312±62
1M HC1
(Ca-P) 17±2 16±2 21±3 26±4
Concentrated HC1
(Residual Pi) 111±13 120±28 122±10 149±40
Acid H2O,
(Residual Po) 195±82 234±154 134±146 186±241
Total (g P kg-1soil) 1.2 1.2 1.7 2.1
tMean ±standard deviation of 6 samples (3 fumigated, 3 unfumigated)Table11.5.Phosphorusavailabilityindices,determined after
harvest of pear seedlings from control (unfumigated) soil.
P treatment
(mg L
Water
soluble
Anion exchange Acid FNaHCO
3
Uncropped,
mg PL-1 mg P kg-1soil
No P 0.03 1 3 4
0.03 0.10 2 3 3
0.04 0.11 3 8
0.06 0.10 6 25
0.09 0.11 46 10 43
0.15 0.11 20 60
0.25 0.15 90 27 75
0.40 0.17 39 9029
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CHAPTER III
Suggestions for Further Pear Research33
The study described in Chapter II illustrates the
growth response of pear seedlings to P and the dependence
of pear seedlings on mycorrhizae.From that study it is
known that pear seedlings require at least 0.25 mg P
of soil solution (723 mg P kg-1 of Parkdale soil) for
maximum growth.Also, seedling growth was affected by an
interaction between soil P level and mycorrhizal
treatment.Though some inferences regarding P management
for orchards can be drawn from this study, future research
should build upon the present knowledge to answer more
definitively the fertility management questions facing
pear growers.Guidelines for correcting P deficiency in
established orchards are based on little information.
Similarly, growers planting new orchards lack information
on which to base decisions regarding soil fumigation and
seedling inoculation.
Two studies could provide growers much of the
information they need to improve orchard P management--one
study dealing with established trees, the other with new
plantings.All established trees are likely to be
mycorrhizal (Miller et al., 1985) and will probably not
respond to mycorrhizal inoculation (Gianinazzi et al.,
1986) but may respond to P fertilizer.Therefore, one
study should describe the effects of P fertilizer on
established trees, ignoring mycorrhizal effects.Because34
such a study is currently underway at the Mid-Columbia
Experiment Station, I will comment on that experiment,
rather than suggest an original design.The other study
should describe the effects of interactions between P and
biological treatments on young trees.This study should
lead to recommendations regarding fumigation and
mycorrhizal inoculation.
Established Trees
Plant growth is more directly a function of nutrient
intensity in the soil solution than of soil nutrient
capacity or quantity (Fox, 1981).Nowhere is this more
evident than Parkdale, Oregon, where fruit trees growing
in a relatively high-P soil (1 g P kg-1 soil, or about
2000 kg P ha-1)(Table 11.4) express symptoms of P
deficiency.Chapter II demonstrates that seedlings grown
in Parkdale soil need an addition of P fertilizer equal to
at least 723 mg P kg-1 soil (0.25 mg P I:1 of soil
solution) for maximum vegetative growth.This equates to
1658 mg P2O5 equivalent kg-1 of soil, or about 3300 kg P2O5
ha-1 of a 15 cm depth of soil.The experiment in progress
at the Mid-Columbia Experiment Station calls for a
treatment of 560 kg ha-1 of P2O5 equivalent.Because 560
is far less than the required 3300 kg ha-1, if 560 kg were
spread uniformly over a hectare of orchard soil, one might
expect the growth response to be far less than optimal.35
However, 560 kg ha-1 equates to nearly 7 kg per tree which
is far more than the 2.3 kg per tree which has been shown
to enhance tree growth (Burkhart, 1985c).The issue,
again, is intensity, not quantity.If concentrated in a
small soil volume, 2.3 kg of P2O5 may suffice, whereas, if
spread over a larger volume, 7 kg may not.
If the Mid-Columbia experiment demonstrates a positive
yield response to P application, the remaining questions
are primarily economic:Does the increase in yield
justify fertilizer application?How can fertilizer
efficiency be improved?Phosphorus-sorption isotherms
should be established for soil samples collected from
unfertilized areas around experimental trees.Information
from those isotherms may improve economic efficiency by
allowing site-specific adjustments to P fertilizer guides.
If trees in the experiment do not demonstrate a P
response, at least three explanations should be
considered.(1) Perhaps established trees are able to
acquire all necessary P from the unamended soil.This
seems unlikely in light of the Burkhart (1985c)
observations and those reported in Chapter II. (2)
Perhaps the fertilizer was diluted over too great a soil
volume, and did not provide the required soil solution P
intensity.This can be addressed by concentrating the
fertilizer application over a smaller volume of soil. (3)
Perhaps the P treatment induced a deficiency of Zn or Cu36
as hypothesized in Chapter II.This can be addressed by
foliar applications of Zn and Cu to insure sufficient
tissue concentrations of these elements.
New Plantings
This study would examine the long-term effects of
inoculation as affected by P treatment.At the critical
time for inoculation, a tree is normally at the nursery.
No benefit is expected from inoculating a tree at the time
of transplanting if that tree was already mycorrhizal when
it left the nursery.Therefore this experiment requires
either that work be done in cooperation with a nursery, or
that rootstock propagation be done by research personnel.
Combinations of possible P treatments are infinite.
Rather than considering possible effects of various post-
planting methods, amounts, and frequencies of P treatment,
I suggest treating all experimental trees with annual
applications of P according to current best management
practices.The P treatment suggested below refers only to
P treatment at the time of transplanting.
Variables for the proposed study are as outlined:
Experimental units - young trees.
Design - Randomized block with P and biological
treatments in factorial combination.
Variables to be measured - vegetative growth for the
first several years, yield later.Mycorrhizal infection37
should be identified and quantified at least once early in
the experiment and again after several years.
Sites and replicates - as many as practical.
Duration - as long as practical, at least until trees
are bearing.
Treatments -
a. Biological (B) - inoculate plants with various
mycorrhizal species, both separately and in combination,
at the time plants are placed in fumigated nursery beds.
Inoculant species should include Glomus intraradices, G.
deserticola, G. epigaeum (Reich, 1987) and perhaps others.
One biological treatment should be nil-inoculant, and
another should be native inoculant, established by growing
a second species such as Sorghum spp. in Parkdale pear
orchard soil, then inoculating pear seedlings with root
fragments from this second species.
b. Phosphorus (P) - Transplant seedlings prepared as
above into holes established in fumigated Parkdale soil.
A check treatment using unfumigated soil should be
established.Amounts of P mixed in the 15 cm layer of
soil at the bottom of a 61 cm diameter hole should range
from none to not less than 0.5 kg.
One scheme meeting these requirements includes
biological treatments G. intraradices, G. deserticola, G.
epigaeum,native inoculant, a combination of all four38
inoculants, and no inoculant, each treated with 0.04, 0.1,
and 0.5 kg P in the fumigated planting hole.Check
treatments of nil-P in fumigated soil, and 0.1 kg P in
unfumigated soil should be included.
The resulting P X B factorial experiment will
demonstrate the performance of various inoculants under
various P levels at planting.The uninoculated treatment
may result in mycorrhizal infection, but one must be
cautious not to assume this treatment to be native
inoculum because species "native" to the nursery may not
be those indigenous to the pear orchard.Fungal species
should be identified by current taxonomic techniques.
Although the experiment must continue for many years, it
may not be necessary to collect data every year.Again,
information from P-sorption isotherms established for the
various experimental plots may lead to site-specific
adjustments in production guides.
These two studies will provide information for the two
most readily manageable aspects of pear P nutrition, i.e.,
fertilizer management for bearing trees, and fertilizer
and mycorrhizae management for new plantings.39
CHAPTER IV
Estimating Nutrient Uptake Kinetic Parameters
Under Steady-state Conditions40
ABSTRACT
Michaelis-Menten kinetic parameters (Imm and KM) are
useful for describing nutrient uptake by plants.This
paper examines steady-state methods for estimating kinetic
parameters.One procedure used a steady-state hydroponic
system to measure P uptake by wheat (Triticum aestivum L.)
from two P concentrations, with Imm and KM estimated by
the direct linear plot (DLP) method.An alternate method
also used a steady-state hydroponic system, but measured
uptake from five rather than two nutrient concentrations,
with kinetic parameters estimated using either the Hanes
plot or nonlinear regression.Kinetic values obtained by
the DLP method were compared to those obtained by the
alternate method.Both methods provided acceptable
estimates but the alternate method offered practical
advantages.Unlike the DLP, it allowed estimation of the
external nutrient concentration at which net influx = 0
(Crain), and did not require approximate estimates of KM and
Crain prior to testing.The alternate method resulted in
more precise median parameter estimates as indicated by
smaller nonparametric confidence intervals.The best
estimates of 'max and KM (and 96% confidence intervals),
derived by nonlinear regression of data from the alternate
method, were 2.2 (1.6-2.8) nmol P g-ls-1, and 11 (10.6-
12.9) 11M.41
INTRODUCTION
Knowledge regarding the kinetics of nutrient uptake
allows comparisons of uptake efficiency among and within
species, provides insight into the function of uptake
mechanisms, and facilitates predictive modeling of
nutrient uptake.Uptake kinetics of many nutrients can be
described by the Michaelis-Menten equation, which relates
net nutrient influx (I) to zero-order saturated influx
(Imax), external nutrient concentration (C), and the
Michaelis-Menten constant (KM) as follows:
I =( (I,) (C))/ (Km + C) [1]
In a natural system such as a plant root, efflux also
occurs; therefore, Net Influx = Gross Influx - Efflux.
Efflux can be accounted for empirically by the additional
term, Cm, which is the concentration at which Gross
Influx = Efflux, or Net Influx = 0 (Barber, 1984).
Equation [1] is therefore modified to:
I =( (Imax)(C-Cm,) )/ (Km + (C-Cm,) ) [2]
One can describe and compare maximum uptake
capabilities of roots in terms of Imax, affinity for a
nutrient in terms of KM, and tendency for efflux in terms
of Cm,.42
A method often used for the determination of kinetic
parameters for plants (Claassen and Barber, 1974) measures
nutrient depletion from solution.Youngdahl (1988)
pointed out the theoretical and practical shortcomings of
the depletion method, the most fundamental of which is
that uptake never approaches steady-state.He proposed
obtaining data from a steady-state vessel similar to that
described by Van Hai and Laudelout (1966).In agreement
with the theory of Cornish-Bowden and Eisenthal (1974), he
considered the best estimates of Imm and KM to be the
medians of values determined by the direct linear plot
(DLP).Youngdahl (1988) made his case with theory, but
his method was untested on plants.
If the steady-state vessel facilitates determination
of kinetic parameters by the DLP using two nutrient
concentrations as proposed by Youngdahl (1988), it also
facilitates an alternate method using more than two
concentrations.By plotting points established at many
nutrient concentrations, parameters can be estimated using
nonlinear regression or one of the various linear
transformations (Rudolph and Fromm, 1984) of the
Michaelis-Menten equation.Though not commonly used in
plant nutrient uptake studies, the Hanes (1932) plot
provides better accuracy than other transformations in
enzyme studies (Dowd and Riggs, 1965; Robinson, 1984) and
is easy to use.The multiple-point alternative retains43
the capability for nonparametric analysis of data obtained
from individual plants or groups of plants.As with the
Youngdahl (1988) method, the median of the population can
be reported, thereby negating the effects of outliers.
The greatest anticipated advantage of the multiple point
alternative over the DLP is the ability to estimate Cmin,
either numerically by nonlinear regression or graphically
by plotting influx vs. concentration to estimate the
concentration at which influx = 0.
The primary objective of this study was to determine
whether two data points analyzed by the DLP method were
sufficient to estimate Michaelis-Menten kinetic
parameters.Using measurements of P uptake by wheat
seedlings, this study compares Imm and KM values obtained
by the Youngdahl (1988) DLP method to values obtained from
the alternate method using multiple (five) points.The
secondary objective of this study was to compare two
methods of analyzing multiple-point data.Those methods
were nonlinear regression and the Hanes plot.44
MATERIALS AND METHODS
Plant establishment
A solution culture system assembled in a growth
chamber consisted of a 45-L tank with an opaque lid into
which 12 cups were placed.The cups were made by bonding
nylon screen to one end of 50-mm-long pieces of 38-mm-
diameter PVC pipe.A collar on the opposite end of the
pipe allowed suspension of plants on the screen at the
nutrient solution surface.'Yamhill' and 'Stephens'
winter wheats were chosen for study because of suspected
differences in P uptake rates (Gardiner and Christensen,
1988).Twelve germinated seeds of either Yamhill or
Stephens were placed into each cup.The solution
contained the following nutrients:1.1 mM (NH4)2504, 1.1
mM Ca(N002, 0.4 mM MgSO4, 2.0 mM KH2PO4, 0.4 gM CuSO4, 1.8
AM MnC12, 6.4 gM ZnSO4, 9 AM H3B03, 0.014 AM (NH4)6Mo7024,
with a daily addition to the tank of 1 gmol FeSO4.
Plant roots were vigorously aerated and maintained at
a temperature of about 21 °C; the ambient air was
maintained at 17 °C.Lights were on 16 h d-1 providing
0.78 mmol light quantum m-2 s-1.
Nutrient solution was recharged 3 times wk-1 during
the plant establishment phase by extracting 2 L of old
solution and replacing it with new.On day 12 following
germination, the solution was modified to omit P by adding45
K as K2SO4 rather than KEi2PO4.On the morning of day 13,
plants were placed in deionized water.On the afternoon
of day 13, plants were placed in a solution of deionized
water containing all nutrients except P, in preparation
for experimentation on day 14.
Uptake kinetic measurements
Experiments were conducted in the same growth chamber
used for plant establishment.The experimental apparatus
was similar to that described and illustrated by Youngdahl
(1988), but with a single 1.2-L vessel constructed of PVC.
The vessel was designed so that a cup of plants removed
from the large tank would fit directly into the lid with
the crowns of plants suspended at the solution surface.
Nutrient solution was metered at the rate of 1.08 L h-1
into the bottom of the vessel, and flowed out a spout near
the top.Four cups of each wheat cultivar were tested.
Duplicate 3-mL samples of outflow were collected before
the plants were placed in the vessel (termed "entering"),
and again 40 min later, after steady-state conditions had
been reached (termed "leaving").Samples entering and
leaving the vessel were collected for each cup of 12
plants tested at each of five nutrient solution
concentrations.Plants were exposed to the solution with
the lowest P concentration first, then other solutions in
ascending order.The five nutrient solutions were similar46
to the nil P solution described above, but with sufficient
KH2PO4 added to provide 3, 5, 10, 30, and 95 pM P.
Phosphorus analyses (Murphy and Riley, 1962) were
performed in triplicate on all samples using an
autoanalyzer.
Data analysis
Assuming Cmin,'max, and KM are constant, the Michaelis-
Menten equation describes I as a function of C.The value
for I was calculated from equation [3].
I= (flow rate)([P entering] - IP leavinal) [3]
root dry weight
Concentration (C) at each test level was the mean of P
concentrations in solutions entering and leaving the
vessel.Nonlinear regression of I against C was done
using the computer program PCNONLIN (Statistical
Consultants, Inc., Lexington, Kentucky), by the Hartley
(1961) modification of the Gauss-Newton curve-fitting
method.The Cmi Kt." and Imm values were determined for
each cup of plants.The equation for the Hanes plot
(Equation [4]) was found by least squares using C, and
also substituting C-Cmin using the median ;in determined by
the nonlinear regression (1.9 gM).As with the nonlinear
regression, KM andImaxvalues were determined for each cup
of plants.47
C'/I = (C'/Imm) + (Km/Imm) [4]
where C' = either C or ccmin.
The DLP (Equations [5] and [6]) employs data derived
at only two concentrations, designated high and low by
subscripts 1 and 2.Because data were collected at five
concentrations various pairs of data points were compared,
as were differences obtained using C vs. C-Cmn
Imp= (C'1 C'2) / ((C'1 / (C'2 / 12)) [5]
KM = (12 /(/ C'1)(12 / C'2)
Where C' = either C or C -
[6]
Nonparametric confidence intervals for median
parameter estimates were determined by the computer
program MSUSTAT (Research and Development Institute Inc.,
Montana State University, Bozeman), using an algorithm by
Narula and Desu (1976).Parameter estimates for
individual cultivars were compared by the rank sum test
(Devore and Peck, 1986).Because cultivars did not differ
significantly, the four replicates of each cultivar were
pooled for confidence interval determination.48
RESULTS
Standard errors of the estimates of Cmi,, Imm, and Km
(Table IV.1) illustrate the precision with which
parameters were estimated for single cups of plants, using
the nonlinear regression method.In general, Imm values
were estimated with greater precision than KM or ;in.
For single cups of plants the correlation coefficients
(r) relating fit of the model to five data points ranged
from 0.87 to greater than 0.99.A correlation coefficient
of 0.89 was obtained when data from all eight replicates
were pooled and fitted to the model (Figure IV.1A).Given
that the model adequately described P uptake, the best
estimate of qui, (Table IV.1, Figure IV.1A) was clearly a
value greater than zero; therefore, Equation [2] was more
valid than Equation [1].Because Cmin for each cultivar
did not differ significantly, the median of the eight ;in
values (1.9 AM) was chosen as the best estimate.
The Hanes plot provided an excellent linear fit at all
but the lowest concentration (Figure IV.1B).Because the
lowest concentration (3 AM) was near Cran (1.9 AM), it was
assumed that at 3 AM P some of the 12 plants in a cup
experienced a net efflux of P.For most of the eight
replications the correlation coefficient (r) relating C-
Cmin/Influx to C-Cmin improved when the data obtained from
the 3 AM solution were omitted.For one particular49
replication, r improved from 0.268 to 0.999.
The width of a confidence interval for the median was
used to compare the precision of the various methods of
parameter estimation (Table IV.2).Using the nonlinear
regression method, Imm and KM were estimated three ways:
(1) by configuring the program to simultaneously determine
Cmin,(2) by ignoring Cmin (i.e., specifying that Cmin = 0),
and (3) by specifying that cum = 1.9 AM for each cup of
plants.Based on width of confidence intervals, the
greatest precision for both Imm and KM was obtained by
specifying Cmin = 1.9 AM.
Similarly, the greatest precision from the Hanes plot
(Table IV.2) was obtained by specifying Crain = 1.9 AM.
Plots obtained from 5, 10, 30 and 95 AM P concentrations
resulted in smaller confidence intervals and were
considered to provide better parameter estimates than
plots that included data from the 3 AM concentration.
Because the DLP requires data from only two
concentrations but five were established in the
experiment, various combinations of data were possible
(Table IV.2).Using data obtained from 5 and 30 AM
concentrations provided reasonable estimates of Imm and KM
but failed to comply with the requirement that the two
concentrations bracket KM and differ by at least a factor
of 10 (Youngdahl, 1988).The 5 and 95 AM concentrations50
net those requirements and resulted in the best of all DLP
estimates, especially when Cmin was specified to be 1.9 gM.51
DISCUSSION
Sensitivity for estimation of Michaelis-Menten kinetic
parameters can be evaluated by plotting partial
derivatives of Influx (I) with respect to the parameters
estimated, as functions of nutrient concentration (Beck
and Arnold, 1977).The magnitude of the deviation from
zero of the coefficient thus obtained indicates the
sensitivity with which a parameter is estimated at a given
concentration.Relative sensitivities of estimation
between parameters are not method-specific, but rather
inherent characteristics of the model and its parameters.
Sensitivity coefficients were plotted using as best
estimates Imm = 2.2 nmol P g-1 s-1, KM = 11LM, and Cmin
1.9 gM (Figure IV.2).With P concentrations as high as 95
gM,Imaxcould be estimated with great sensitivity.This
agreed with the excellent relative precision of'max
estimates obtained by all methods. Though low P
concentrations were somewhat favorable for Cmin estimation,
no concentration was conducive to KM estimation.This
agreed with the observed low precision for cmin and KM
estimates.The similarity in shape of the sensitivity
curves for the three parameters indicates a weakness
inherent in Michaelis-Menten parameter estimation i.e., a
lack of independence between parameters.Consequently,
various combinations of parameter values would fit the52
data similarly (Robinson, 1984).
Besides the requirement stated by Youngdahl (1988)
that the nutrient concentrations of the two solutions used
for the DLP bracket KM and differ by at least a factor of
10, an inspection of Equation [6] reveals another
constraint.Clearly the numerator in Equation [6] will
always be negative.Because KM is a positive constant,
the denominator must be negative.In the present trial
and preliminary trials this was so only when the lowest
concentration was sufficiently higher than Cmin that
effects of efflux were negligible.When Equation [6] is
used with concentrations near or below Cmin,12 is near or
below 0.In these instances KM values fluctuate widely
and are often negative.Estimates obtained using
concentrations of 3 and 95 AM illustrates the danger of
approaching Cmin too closely.Though the concentrations
bracket KM and differ by at least a factor of 10, the
results are notably imprecise.This example illustrates
the merit of reporting medians rather than means.Because
of the insensitivity of the median to outliers, the 3 and
95 Am concentrations provided inferior, but not absurd,
estimates.
With the constraints that the investigator have enough
prior knowledge to bracket KM and avoid Cmin, the DLP loses
much of its practical utility.Except when the general53
magnitude of kinetic parameters to be measured are already
known, users of the DLP will have to establish many points
to estimate Km and qui,.They will then be required to
arbitrarily decide which of all valid combinations of two
points to use for formal data collection.The alternate
method using five points resulted in greater precision
than the DLP; and, for analysis of multiple-point data,
nonlinear regression was preferrable to the Hanes plot. It
is therefore suggested that the investigator establish as
many data points as is feasible, and estimate parameters
by nonlinear regression.
Using the system described in this study, three
preliminary trials were necessary before usable data were
obtained.Subsequent users of steady-state methods might
avoid mistakes by considering the following. (1)
Regardless of the method employed to estimate KM and Imax,
users should collect enough data to allow estimation of
Cmin, either graphically, or by nonlinear regression.To
obtain a satisfactory estimate of Cmin it was necessary to
starve plants for P prior to testing.This required
placing plants in a nil P solution at least twice to
remove residual P.Knowing the value of the Cmin term is
not only important for describing nutrient uptake, but
also is essential for using the DLP or the Hanes plot.
Because neither the DLP nor the Hanes plot worked
satisfactorily at concentrations approaching Cmin,54
parameter estimation by these methods should exclude data
from those concentrations.(2) For P studies, users may
wish to use 32P to improve analytical precision.In this
study, low-level P was analyzed colorimetrically by
removing the dialysis membrane from an autoanalyzer (RFA/2
Analytical System, Alpkem Corporation, Clackamas, Oregon).
Although this allowed simple and inexpensive analyses, the
limited precision of colorimetric techniques necessitated
multiple analyses of each sample.(3) Users must select
an appropriate rate and duration for nutrient solution
flow through the vessel.Selections will depend upon the
type, size, age, and number of plants, and on the volume
of the flow vessel.In this study a flow rate of 1.08 L
hr-1 allowed a detectable difference in P concentration
between entering and leaving solutions if about ten plants
per cup were used.Twelve plants per cup were used for
greater analytical precision.With ten plants per cup,
steady-state P uptake was reached after about 30 min.
In conclusion, the steady-state approach to nutrient
uptake measurement provided acceptable estimates of
kinetic uptake parameters.The Youngdahl (1988) DLP
method was less precise than an alternate method which
used multiple data points.For analyzing multiple-point
data, the nonlinear regression was easier, more direct,
and slightly more precise than the Hanes plot.Only55
nonlinear regression could estimate KM and Imm without a
prior estimate of C.56
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Figure IV.1. Michaelis-Menten P influx plots for wheat
cultivar means.(A) Standard plot.The model was
calibrated by determining a single Imm, Km, andCminvalue
by nonlinear regression of all data.(B) Hanes plot.The
regressions exclude means from the lowest P concentration.1.0
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Figure IV.2. Sensitivity coefficients for ;flax,KM, andCmin
derived from the Michaelis-Menten equation for influx (I).
Parameter values were: 'ma, = 2.2 nmol P KM =11 AM,
andCmin= 1.9 Am.59
Table IV.1.Nonlinear regression estimates (and standard
error of the estimates) of P-uptake kinetic parameters for
'Yamhill' and 'Stephens' wheat.
Parameter
Replicate
1 2
Yamhill
Cmin (MM) -0.4 (1.8) 2.8(0.5)2.4(0.6) 2.0(0.3)
Imaxt 2.9 (0.2) 2.1(0.2)1.3(0.1) 1.8(.04)
KM (pM) 21.2 (9.2) 3.6(2.2)9.7(2.7) 9.6(1.1)
Stephens
Cum, (pM) 1.9 (0.6) 0.4(0.7)-0.5(4.1) 1.8(2.0)
Imaxt 2.6 (0.1) 2.7(0.1)1.5(0.3) 1.2(0.2)
KM(i4/1) 12.1 (2.9)19.6(4.1)22.0(20.5) 3.9(5.4)
t(nmol Pg-1dry root mass s-1)60
Table IV.2. Median Imm and KM estimates with nonparametric
96% confidence intervals (CI).
Conditions
Imax KM
Median CI Median CI
nmolg-Is-1 AM
Nonlinear regression
Solving for Cmint
Cmin=0 AM
Cm=-1.9 AM
2.0
2.2
2.2
1.4-2.7
1.5-2.8
1.6-2.8
11
19
11
6.6-20.8
11.5-20.5
10.6-12.9
Hanes plot
5 points,Cmin=1.9 AM* 2.2 1.7-3.7 12 10.0-38.3
4 points,Cmin=1.9 AM§ 2.2 1.6-2.8 12 10.3-13.8
4 points,Cm., =0 AM§ 2.4 1.7-3.0 17 15.4-20.8
Direct linear plot
5&30 gM,Cmm=1.9 AM 2.0 1.4-2.6 10 6.4-11.2
5&30 gM,Cmn=0 gM 2.7 1.7-3.5 2515.0-27.5
3&95 /M,Crun=0 gM 2.6-0.3-3.8 22-139.9-87.7
5&95 gM,C=n=1.9 AM 2.2 1.6-2.8 10 8.1-12.6
5&95 AM,Cmin=0 AM 2.4 1.7-3.1 19 14.8-23.1
4&91 gM,Cmin=0 gill 2.5 1.6-6.3 33 18.2-96.0
tMedian Cmin was 1.9 with a 96% CI of -0.05-2.40 AM.
tr
2ranged from 0.27 to 0.99.
§r2 was 0.99 in all butone case in which it was 0.97.
¶Data from a prior experiment, similar conditions, 9 reps.61
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CHAPTER V
Characterization of Phosphorus Uptake
by Two Winter Wheat Cultivars64
ABSTRACT
'Stephens' and 'Yamhill' winter wheat (Triticumaestillum
L.) cultivars respond differently to P fertilization on
low-P soils.The objective of this study was to determine
the reason for greater P efficiency in Yamhill.The
cultivars were grown in three growth-chamber experiments
to describe response to a factorial combination of P
levels and soil fumigation, to estimate uptake kinetic
parameters, and to compare root growth rates, root hair
formation, and tissue P concentrations.Cultivars did not
differ in root growth rate, total P uptake, or response to
fumigation.Cultivar differences in P uptake kinetics
were small.Root hair length was affected by an
interaction between cultivars and P concentrations in the
growth medium.At the 2 gM P level, Yamhill had
significantly (P = 0.05) longer root hairs than Stephens.
Yamhill produced significantly greater shoot dry weight
per unit of P taken up (0.20 g mg-1) than Stephens (0.17 g
mg ).The greater P efficiency of Yamhill was attributed
to greater P-use efficiency, rather than to differences in
P uptake.65
INTRODUCTION
Low concentration and mobility of P in soil often
create growth-limiting conditions for plants.Plants
differ in relative yield per unit of soil P (P
efficiency).A P-efficient plant may be agronomically
valuable, especially with present interest in low-input
agriculture, motivated in part by concern for the expense
and environmental impact of P fertilizers.Of particular
interest for this study are differences in P efficiency
among wheat cultivars.Different P efficiencies result
from differences in P uptake and P use (SchjOrring and
Nielsen, 1987; Lipsett, 1964; Loneragan and Asher, 1967).
Phosphorus-uptake efficiency is enhanced by superior
uptake kinetics (Barber, 1984; Nielsen and SchjOrring,
1983), longer roots (Romer et al., 1988), greater
root:shoot ratios (Fohse et al., 1988), longer root hairs
(Barber, 1984; Caradus, 1982; Barley and Rovira, 1970), or
more efficient mycorrhizae (Smith and Gianinazzi-Pearson,
1988).High P-use efficiency may result from superior
translocation (Marschner, 1986) or favorable partitioning
between organic and inorganic P forms (Elliott and
Lduchli, 1985).
Stephens, a semi-dwarf, high-yielding soft white wheat
has been grown on at least 70% of the wheat acreage in
Oregon since 1981.Though much less extensively grown,
the standard-height, beardless white cultivar, Yamhill, is66
also of interest because it yields more than Stephens when
grown on low-P soils.Comparing cultivars with a
factorial combination of lime and P treatments on an
acidic (pH 5.2), low-P soil, Sullivan (1981) found the
relative grain yield without P fertilization (-P/+P) was
higher for Yamhill (0.74) than for Stephens (0.52).
Although both cultivars responded to P, only Stephens
responded to lime without P.This suggests that the low
P-efficiency of Stephens on acid soils may be related to
its known susceptibility to Al toxicity (Konzak et al.,
1976; Sanchez and Salinas, 1981).
On another site (soil pH 5.3), Sullivan (1981) showed
that Yamhill had significantly greater yield and P uptake
than Stephens in the nil-P treatment.With an addition of
29 Kg P ha-1, Yamhill yield was significantly greater than
Stephens but its P uptake was not.On a third site where
Al toxicity would not be expected (soil pH 5.9), the
relation between grain yield and P concentration differed
between cultivars.Grain yields of both Yamhill and
Stephens increased with increasing concentration of P in
plants at tillering (Feekes stage 2 to 3), but Stephens
required higher tissue P concentrations to reach the same
yield as Yamhill.These results indicate a lower internal
P requirement for Yamhill.
The present study consisted of three experiments with
the overall objective of determining why Yamhill has67
greater P efficiency than Stephens.The objective of the
first experiment was to identify any differences between
Yamhill and Stephens in response to soil fumigation and
increasing levels of P in a non-acid soil.The objective
of the second experiment was to compare root growth rates
and other characteristics of plants grown in moderately P-
deficient soil.The objective of the third experiment was
to compare root hair length and density in response to P
concentration.68
MATERIALS AND METHODS
P and fumigation response
A completely randomized 2 X 2 X 7 factorial experiment
(Yamhill or Stephens, fumigated or unfumigated, 7 P
levels) was replicated twice in a growth chamber.
Parkdale soil (Medial, mesic Umbric Vitrandepts) was used
because of its high P-buffering capacity and history of P
nutritional disorders in crops grown on it.The soil had
the following characteristics:pH 6.2; organic matter 36
g kg-1; cation exchange capacity 14.5 cmol, kg-1; soluble
salts 0.015 S 111;3 mg P kg-1 by acid-F extraction and 4
mg P kg-1 by NaHCO3 extraction; exchangeable K, Ca, Mg, and
Al 3.8, 37, 5.9, and <1 mmol, kg-1, respectively.
One-half of the soil was fumigated by injecting 33 mL
chloropicrin into 200-L barrels of soil which were sealed
for 10 d and then aerated for 4 wk.Seven P levels were
established by mixing 0, 0.32, 1.01, 1.71, 2.33, 2.94, or
3.54 g Ca(H2PO4)21120 kg1 soil.These levels correspond to
soil solution P concentrations of 0.03, 0.04, 0.06, 0.09,
0.15, 0.25, and 0.40 mg P L1 based on a P-sorption
isotherm (Fox and Kamprath, 1970).Phosphorus treatments
are hereafter referred to by their soil solution P
concentration.
Two wheat seeds were planted in 450 g of treated soil
that had previously been placed into 0.5-L tapered tubes
(250 mm height, 63 mm top diameter) in a growth chamber,69
moistened, and allowed to equilibrate for 1 wk.The
growth chamber provided 16 hr light (about 0.4 mmol light
quantum m-2s-1) and maintained air temperature at 20 °C.
After emergence, seedlings were thinned to one per tube,
and each tube received 10 mL of a nutrient solution
containing 0.2 M KNO3, 0.1 M (NH4)2SO4, and 0.1 M NH4NO3.
Tubes were held in racks placed in plastic pans, which
allowed frequent watering from the bottom by capillary
rise.
Plants were harvested 21 d after emergence.Tops and
roots were separately dried, weighed, digested in nitric-
perchloric acid, then analyzed for P by autoanalyzer
(Murphy and Riley, 1962) and for nutrient cations by
atomic absorption.Analysis of variance or regression
analysis of data was performed for this and other
experiments using MSUSTAT (Research and Development
Institute Inc., Montana State University, Bozeman).
Kinetic parameter estimation
Using data obtained from the experiment described
above,Michaelis-Menten parameters describing the
kinetics of P uptake were estimated for both cultivars
under both fumigation treatments.Parameters included the
zero-order rate constant (Imax), the Michaelis-Menten
constant 040, and the external nutrient concentration at70
uptake for plants in the second experiment was determined
from Equation [3].
Predicted P uptake =
(Ima, (C Cmin) )/ (Km (C Ct Ilin)) (AD)(T) [3]
where Ima, = maximum P uptake gl average root dry weight
(AD)s-1 (T); the value for C in this experiment was 2AM.
Predicted P uptake was regressed on actual P uptake,
and the usefulness of the kinetic terms in predicting P
uptake was evaluated by regression analysis.
Root hair comparison
A completely randomized 2 X 2 X 2 factorial experiment
(2 cultivars, 2 NHoNO3 ratios, 2 P rates), replicated 6
times, compared cultivars with respect to root hair length
and density as influenced by P concentration and N form.
A soilless medium (0.5 L of washed perlite per 0.5 L tube)
was used to produce recoverable root hairs.Single plants
of Yamhill or Stephens wheat were grown under the growth-
chamber conditions described previously.The perlite-root
system was rinsed twice daily with 25 mL of nutrient
solution, about half of which percolated through the
medium.All nutrient solutions contained 2 mM K, 0.4 mM
MgSO4, 0.04 AM Cu, 2 AM Mn, 4 AM Cl, 0.2 AM Zn, 9 AM B,71
Root growth rates
A completely randomized 2 X 2 X 3 factorial experiment
(2 cultivars, fumigated or unfumigated, 3 growth periods)
was conducted under the same conditions as the "P and
fumigation response" experiment.Based on the P-sorption
isotherm, Parkdale soil was amended with sufficient
Ca(H2PO4)21120 to provide 0.06 mg P L1(2 AM) in soil
solution.Four replicates of each treatment (cultivar and
fumigation) were harvested 7, 14, and 21 d after
emergence.Kjeldahl digests of plant roots and shoots
were analyzed for P.Root length was measured by the grid
method of Tennant (1975), and root surface area was
estimated assuming a fresh-root density of 1 g mL-1.
Initial root dry weight (D0) and the exponential growth
constant (K) were determined from a least-squares
regression relating the natural logarithm of root dry
weight (D) to time (t)(Equation [2]).
In D = In Do + Kt [2]
Kinetic parameter validation
It was desireable to determine whether the kinetic
parameter estimates were meaningful.Using kinetic
parameter estimates determined for each cultivar and each
fumigation treatment in the first experiment, predicted P72
uptake for plants in the second experiment was determined
from Equation [3].
Predicted P uptake =
(Imm (C - Cmin)) /(K + (C - Cwn))(AD)(T) [3]
where Imm = maximum P uptake g1 average root dry weight
(AD) s-1 (T); the value for C in this experiment was 2AM.
Predicted P uptake was regressed on actual P uptake,
and the usefulness of the kinetic terms in predicting P
uptake was evaluated by regression analysis.
Root hair comparison
A completely randomized 2 X 2 X 2 factorial experiment
(2 cultivars, 2 NH4:NO3 ratios, 2 P rates), replicated 6
times, compared cultivars with respect to root hair length
and density as influenced by P concentration and N form.
A soilless medium (0.5 mL of washed perlite per 0.5 mL
tube) was used to produce recoverable root hairs.Single
plants of Yamhill or Stephens wheat were grown under the
growth-chamber conditions described previously.The
perlite-root system was rinsed twice daily with 25 mL of
nutrient solution, about half of which percolated through
the medium.All nutrient solutions contained 2 mM K, 0.4
mM MgSO4, 0.04 AM Cu, 2 AM Mn, 4 AM Cl, 0.2 AM Zn, 9 AM B,73
0.07 AM Mo, 1 AM Fe, and 2.2 mM N in NH4:NO3 ratios of
4.5:1 or 1:1 using Ca(N002 and OW 2804.The high- and
low-P solutions contained 2 mM and 2 AM PO4, and had pH
values of 6 and 7, respectively.
Plants were harvested 21 d after emergence.The root
hair density of 25 1-cm-long root segments from each plant
was estimated by a method designed for enumeration of
mycorrhizal infection (Biermann and Linderman, 1981).The
longest root hairs of replicated length on each segment
were measured within a 0.5 mm range.The root hair length
of each segment was defined to be the middle value of that
range (e.g., 0.75 mm if the longest root hairs were
between 0.50 and 1.00 mm).74
RESULTS AND DISCUSSION
P and fumigation response
Responses to P as measured by dry weight indicate
maximum growth occurred at 0.25 mg P L-1 of soil solution
(Figure V.1).Root, shoot, and total dry weights did not
differ significantly (P = 0.05) between cultivars.
Phosphorus uptake differed by fumigation treatment but not
by cultivar.Cultivar differences in P uptake per gram of
root or in shoot P concentration were not significant.
Because the response to fumigation did not differ by
cultivar, any difference in mycorrhizal effects between
cultivars was deemed not significant.Shoot
concentrations of Ca, Mg, K, and Zn did not differ
significantly between cultivars, fumigation treatments, or
P levels.
The fumigation response was enigmatic.The P-uptake
response to fumigation was positive.Had mycorrhizae been
beneficial to the young plants in unfumigated soil,
fumigation should have decreased, not increased, P uptake.
Had mycorrhizae been deleterious to plants in unfumigated
soil, fumigation should have increased yield but not P
uptake.The opposite was observed.The negligible effect
on growth from the elimination of mycorrhizae probably
related to the low dependence of wheat on mycorrhizae for
P uptake (Buwalda, et al., 1985; Plenchette, et al.,75
1983).Furthermore, a response in dry weight to added P
was evident at all soil solution P levels below 0.25 mg
IJ-1, but the increased P uptake due to fumigation at these
deficient P-levels failed to result in greater dry weight
(Figure V.1).This may have been the result of opposing
factors.The enhanced P uptake following soil fumigation
may have been due to improved root health and/or increased
ammonium levels in the soil (Rovira, 1976; Rovira and
Simon, 1985; MacNish, 1986).The lack of a dry weight
response to chloropicrin may have been due to inhibitory
effects of the chloropicrin itself or the lack of
beneficial organisms (Martin and Kemp, 1986), or to
ammonium toxicity (Mengel and Kirkby, 1987).
Kinetic parameter estimation
Estimates of kinetic parameters Imm and KM were
slightly greater for Stephens than Yamhill (Table V.1).
Estimates of Cmin did not differ between cultivars.
Fumigation resulted in larger Im and smaller KM values,
in agreement with the observed increase in P uptake
following fumigation.Regression analysis of Hanes plots
for each cultivar and fumigation treatment revealed a
significant difference (P = 0.05) in kinetic parameters
between fumigation treatments, but not between cultivars.76
Because of the way kinetic parameters were calculated,
soil P-buffering capacity, P depletion around the root,
and rate of diffusion of P to the root were incorporated
into the kinetic parameter estimates.However, in
Parkdale soil with its extremely large buffering capacity,
this problem was thought to be minimal because the soil
solution P concentration should have remained relatively
constant.Parameter estimates were calculated on the
basis of root dry weight because of the low precision with
which root length or surface area is measured.However,
root surface area, not dry weight, is the characteristic
of mechanistic relevance (Barber, 1984).For these
reasons, the kinetic parameters determined in this study
are best termed "apparent kinetic parameters".
With the exception of Km, which is determined with
relatively poor precision, apparent kinetic parameter
estimates obtained for plants growing in soil were in
close agreement with parameters determined for plants
growing in a steady-state solution culture system.Median
Imm, Km, and Can estimates obtained from solution culture
using both Yamhill and Stephens were 2.2 nmol P 11
AM, and 1.9 Am (Gardiner and Christensen, 1990).
Root growth rate77
Cultivars did not differ (P = 0.05) in growth rate or
21-d mean root length and root dry weight (Table V.2).
Stephens tended to produce somewhat greater root length
per unit of root mass, as shown previously (Kaneshi,
1987).It is noted that the Tennant (1975) method ignores
the contribution of root hairs to overall root length.
An average root dry weight (AD) value was calculated
for each plant in the first and second experiments based
on a unique exponential growth rate (K) for each root, and
on the assumption that Do = 0.01 g.The use of 0.01 g was
justifiable based on the consistent Do values (Table V.2)
obtained by least squares regression of the natural
logarithm of dry weight versus time (Equation [2]).
Kinetic parameter validation
Phosphorus uptake predicted from Equation [3], using
apparent kinetic parameter estimates obtained in the first
experiment, agreed closely with actual P uptake in the
second experiment (Figure V.2).Based upon the
coefficient of determination (0.966), the slope of the
regression line relating predicted to actual P uptake
(1.04), and the small intercept (-0.25), the predictive
capability of the kinetic parameters was considered
excellent.78
The P uptake predictive equation (Equation [3]) is a
direct function of the length of the growth period (T) X
average root dry weight (AD), to which P uptake would be
expected to correlate strongly.Data from the three
growth periods resulted in three clusters of points due
primarily to the influence of T X AD in Equation [3].
However a linear trend is demonstrated within a cluster
(Figure V.2, inset).The coefficient of determination for
the regression of T X AD vs. actual P uptake was 0.872, as
compared to 0.966 for predictions based on Equation [3]
vs. actual P uptake.In another analysis, Equation [3]
and its two components, T X AD, and the Michaelis-Menten
kinetics term, were related to actual P uptake by multiple
regression.A reduced model analysis indicated that the
contribution to the regression model of the factor T X AD
was not significant (P = 0.05), whereas the contribution
of Equation [3] was highly significant (P = 0.001).These
regression analyses validate the contribution of the
kinetic terms to P-uptake prediction.The conclusion that
kinetic parameter estimates obtained from soil-grown
plants were useful for describing variations in P uptake
appears somewhat moot because kinetic parameters differed
significantly between fumigation treatments but only
slightly between cultivars.However, the more pertinent
interpretation is that the apparent kinetic parameters,79
which differ only slightly between cultivars, are valid
and represent inherent characteristics, the expression of
which can be duplicated.
Cultivar trait comparison
Yamhill failed to take up more P than Stephens per
plant, per root dry weight, and per root surface area
(Table V.3).Clearly, any superiority in P efficiency
ascribable to Yamhill is due to greater efficiency in P
use rather than P uptake.This is confirmed by Yamhill's
greater shoot dry weight per unit of P taken up.
Root hair comparison
Nutrient solutions with a 4.5:1 NH4:NO3 ratio, in
comparison to solutions with a 1:1 NH4NO3 ratio, had a
deleterious effect on root and shoot dry weights of both
cultivars, especially at the high P level (2 mM).At the
2 mM P level, Yamhill shoot dry weight decreased
significantly (P = 0.05) from 0.51 g with the 1:1 NH4:NO3
nutrient solution to 0.27 g with the 4.5:1 NH4:NO3
solution.Stephens decreased significantly from 0.40 to
0.27 g.Root dry weights were affected similarly.This
growth inhibition may explain why fumigation increased P
uptake but not dry weights in the first experiment.
Perhaps fumigation elevated soil ammonium levels which, in80
turn, enhanced P uptake while inhibiting growth.
An interaction between cultivar and solution P
concentration significantly (P = 0.01) affected root hair
density and length in soilless medium (Figure V.3).At
the high P level (2 mM) Stephens had greater root hair
length and density than Yamhill, whereas at the low P
level (2LM) Yamhill had significantly (P = 0.05) longer
root hairs than Stephens.This underscores the "apparent"
nature of kinetic parameters based on macro-scale
measurements of root length or on root weight.
Mechanistically, root surface area is the parameter of
interest and is greatly affected by root hairs.Root
hairs may increase surface area 2- to 10-fold (Barber,
1984).Neither weight nor length measurements account for
the contribution of root hairs to surface area.Because
root hairs develop to a greater extent in dry than moist
soil (Barber, 1984), they may be of greater relative
importance in a dryland field setting than in the soil
experiments described herein.Root hair length is more
important than density in affecting P uptake (Clarkson,
1985) and was affected to a greater degree by the cultivar
X P-level interaction (Figure V.3).Because root hair
formation appears to be hormonally controlled by internal
nutrient concentrations (Foehse and Jungk, 1983;
Marschner, 1986), the low tissue P concentration of81
Yamhill grown on low-P soil may result in greater root
hair formation for Yamhill than Stephens.It is therefore
feasible that the observation by Sullivan (1981) that
Yamhill took up more P than Stephens in a nil-P field
trial may be explained by a tendency of Yamhill under dry,
low-P conditions to produce longer root hairs than
Stephens.However, it is noted that in the low-P soilless
medium in which Yamhill had longer root hairs than
Stephens, Yamhill also had slightly greater root dry
weight, took up slightly more P, but did not take up more
P per unit of root dry weight than Stephens (data not
shown).82
SUMMARY AND CONCLUSIONS
Yamhill did not exhibit greater P-uptake efficiency
than Stephens.No significant cultivar differences were
noted in fumigation response, root length, root dry
weight, root growth rate, P uptake per plant, or P uptake
per unit of root; however, Stephens had slightly longer
roots than Yamhill.Estimated apparent kinetic parameters
differed only slightly between cultivars.Under low-P
conditions, Yamhill produced longer root hairs than
Stephens.For that reason, Yamhill may take up more P
than Stephens in certain low-P environments.However, one
cannot rule out the possibility that Al tolerance
contributes to Yamhill's greater P uptake in field trials
on acid, low-P soils.
Under low-P conditions, Yamhill demonstrated greater
P-use efficiency than Stephens by producing slightly
greater shoot dry weight per plant and significantly more
shoot dry weight per unit of P taken up.In conclusion,
the greater P-efficiency of Yamhill over Stephens in low-
P, non-acid soil was not directly related to P uptake but
was attributed to greater efficiency in P use.83
2
1
0
10
5
v Q
V
V
0 Stephens/Fumigated
Stephens/Unfumigated
Yamhill/Fumigated
Yamhill/Unfumigated
I.
V
0
0
0.00 0.10 0.20 0.30
Soil Solution P (mg L-1)
0.40
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Figure V.3. Effects of nutrient solution P concentration
on root hair density and length of two wheat cultivars
grown in perlite.Bars indicate standard error of the
mean of six replicates.Table V.1.Phosphorus uptake kinetic parameter estimates (and 95% confidence intervals)
for 'Yamhill' and 'Stephens' wheat as measured from fumigated and unfumigated soil.
Cultivar Soil
Parameter
Imax KM Cmin
nmol g-1s-1 pM
Yamhill Fumigated 1.5 (1.1 - 1.8) 0.9(0.0- 1.8) 1.0(0.8- 1.2)
Stephens Fumigated 1.6 (1.4 - 1.9) 1.4(0.6- 2.2) 1.0(0.9- 1.2)
Yamhill Unfumigated 1.2 (1.1 - 1.4) 1.4(0.8- 2.0) 0.9(0.8- 1.1)
Stephens Unfumigated 1.3 (1.1 - 1.6) 2.1(0.8- 3.3) 0.9(0.7- 1.1)Table V.2.Initial (L0) and mean 21-d (L) root length, initial (D0) and mean 21-d (D)
dry weight, and exponential growth rates (K) for 'Yamhill' and 'Stephens' wheat grown in
fumigated or unfumigated Parkdale soil with 2 gM soil solution P.
Cultivart Soil
Length Dry weight
L0 K Mean L 0 Mean D
d-1 m d-1
Yamhill Fumigated 0.8 0.19 4.73 0.01 0.20 0.67
Stephens Fumigated 0.8 0.20 5.09 0.01 0.17 0.65
Yamhill Unfumigated 0.9 0.19 5.01 0.01 0.19 0.60
Stephens Unfumigated 0.8 0.21 5.98 0.010.20 0.60
tCultivar differences were not significant (P = 0.05).
0,88
Table V.3.Comparisons of various traits of 'Stephens' and
'Yamhill'wheat grown under conditionsof moderate P
deficiency (2 AM in soil solution).Values are from the
unfumigated treatment and are averaged over 7-, 14-, and
21-d growth periods.
Trait Stephens Yamhill Sig.
Root length (m) 27 24 NS
Root dry weight (g) 0.26 0.26 NS
Root surface area (cm
2) 310 292 NS
P uptake per plant (mg) 1.84 1.81 NS
P uptake per root (mg g-1)8.9 8.3 NS
P uptake per root (Ag cm2)7.6 7.2 NS
Shoot dry weight (g) 0.38 0.40 NS
Shoot dry weight per
total P uptake (g mg-1) 0.17 0.20 *
P conc. in shoot (mg g-1) 3.9 3.4 NS
P conc. in root (mg g-1) 3.2 2.8 *
*,NS=Significantlydifferentornotsignificantly
different at the 0.05 probability level.89
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statistics. J. Plant Nutr. 11:321-331.APPENDIXTable A.1.Phosphorus fractions from fumigated and unfumigated soil, determ1ned after
harvest of pear seedlings grown in soil amended with 0, 420, or 723 mg P kg Values
are mean (and standard deviationsof three samples.
No P. Uncropped
P added (ma ka-1)
0 420 723
Fum Un Fum Un Fum Un Fum Un
mg Pkg-1 soil
NaHCO1 extraction
(labile) 101(4) 117(23) 151(31)140(36) 314(44)309(99) 384(65)375(27)
NaOH extraction
(chemisorbed) 615(299)459(67) 450(40)507(28) 816(75)823(22)1060(64)1114(77)
Sonicated
(occluded) 262(38)264(42) 193(41)200(15) 262(52)304(64) 296(65)328(67)
1M HC1 extraction
(Ca-P) 18(2) 17(2) 16(3) 15(1) 21(4) 21(2) 24(6) 27(1)
Concentrated HC1 extraction
(residual Pi) 115(17)106(8) 137(33)104(5) 125(12)120(8) 127(5) 171(50)
Acid H20
2digest
(residual Po) 195(79)195(103)274(214)194(92) 152(185)117(135)266(337)105(109)
Total (g kg-1)1.3 1.2 1.2 1.2 1.7 1.7 2.2 2.1Table A.2.Pear seedling dry weights(4 replicates).
Control Fumigated
Fumigated +Inoculated
G.des. G. inter.
r level 1 2 3 4 1 2 3 4 1 2 1 2
mg/L Root Dry Weight(g)
0.03 1.0 0.8 1.0 1.1 0.2 0.2 0.1 0.3 0.3 0.5 0.4 0.4
0.04 4.4 9.1 6.3 6.6 0.7 0.8 0.4 0.3 0.8 0.6 5.6 1.8
0.06 5.710.0 9.3 8.3 2.4 3.2 1.8 3.2 4.5 4.4 10.1 9.7
0.09 7.511.2 7.910.3 5.6 5.0 4.1 3.5 8.7 5.2 11.713.5
0.15 13.5 9.410.8 7.9 8.5 6.5 8.511.3 3.211.5 12.114.6
0.25 15.59.611.7 9.8 8.712.1 8.410.1 10.615.3 16.616.2
0.40 10.59.5 8.510.5 11.714.710.913.2 18.417.3 12.0 6.3
Stem Dry Weight(g)
0.03 0.2 0.1 0.1 0.2 0.030.040.020.03 0.020.07 0.040.08
0.04 4.311.1 3.4 6.4 0.060.070.030.03 0.1 0.2 2.1 4.1
0.06 2.7 8.3 8.0 5.5 0.5 1.0 0.1 1.8 6.1 2.7 4.9 6.8
0.09 4.110.0 8.6 4.0 1.7 3.0 3.0 5.9 10.7 2.8 18.529.8
0.15 17.3 6.912.414.9 12.8 2.8 5.110.6 7.914.8 25.921.3
0.25 27.013.014.924.7 6.910.7 6.611.7 11.3 9.2 19.116.5
0.40 15.514.8 7.912.5 10.937.7 9.721.6 32.339.3 16.018.4
Upper Leaf Dry Weight (g)
0.03 0 0 0 0 0 0 0 0 0 0 0 0
0.04 2.4 4.0 2.3 3.1 0.1 0.1 0.10.02 0.2 0.1 1.4 2.4
0.06 2.0 4.0 3.5 2.4 0.3 0.6 0.1 0.9 2.3 0.6 3.6 3.5
0.09 2.9 4.2 3.4 2.5 2.2 1.8 1.3 2.2 3.2 1.2 6.5 4.7
0.15 6.9 3.5 5.4 3.6 3.2 1.8 3.1 2.2 3.3 5.5 7.4 7.8
0.25 7.8 5.2 5.7 7.2 2.8 2.7 3.0 5.0 3.9 4.9 6.6 6.1
0.40 4.1 5.5 3.6 4.7 3.110.4 4.0 5.9 6.511.9 4.6 6.9
Lower Leaf Dry Weight (g)
0.03 0.6 0.2 0.3 0.4 0.1 0.2 0.1 0.1 0.2 0.2 0.3 0.2
0.04 1.4 3.9 1.7 1.7 0.090.060.080.04 0.1 0.1 0.9 1.3
0.06 2.0 2.6 2.3 2.3 0.4 0.9 0.1 0.6 2.10.9 1.6 1.9
0.09 1.9 2.0 2.8 2.0 2.1 1.0 1.5 2.3 2.2 1.0 3.29.0
0.15 4.5 2.9 4.02.5 3.7 1.7 2.5 3.2 1.8 3.4 3.9 6.1
0.25 6.8 2.7 3.5 6.7 2.6 3.0 1.8 5.1 3.3 5.4 5.2 4.7
0.40 4.3 3.5 1.6 2.5 1.9 8.7 2.6 7.8 9.4 8.7 10.5 5.4Table A.3.Pear seedling characteristics.
Control Fumiaated
Fumiaated+ Inoculated
G.des. G.inter.
P level 3. 2 3 4 1 2 3 4 1 2 1 2
mg/L Mycorrhizal colonization (%)
0.03 23 13 22 12 0.4 0 0 0 0 0 0 0
0.04 14 20 18 19 0 0 0 0 0 0 5 3
0.06 50 43 19 18 0 0 0 0 5 4 6 3
0.09 42 52 38 12 0 0 0 0 2 0 2 0
0.15 27 32 27 10 0 0 0 0 0 0.4 0 0
0.25 41 39 37 41 0 0 0 0 0.7 0 1 0.8
0.40 8 25 9 5 0 0 0 0 0.4 4 0 0
Stem Length (cm) 23May 88
0.03 3 3 4 4 2 3 2 2 2 4 2 3
0.04 28 70 26 45 3 3 3 1 5 3 14 21
0.06 15 43 34 27 7 9 3 22 82 22 20 36
0.09 22 62 38 18 10 30 23 24 64 25 95 170
0.15 99 39 81 104 110 16 26 57 32 68 108 106
0.25 138 77 82 147 28 66 33 71 72 60 122 61
0.40 105 110 41 67 54 184 36 113 152 178 95 129
Stem Length (cm) 19Jan 88
0.03 1.1 3.1 2.9 2.4 1.4 2.9 1.5 2.3 2.0 3.7 2.4 3.2
0.04 3.2 2.9 3.0 3.4 3.3 3.4 2.6 1.1 4.5 3.2 3.6 2.6
0.06 3.4 2.9 1.9 2.0 2.8 3.0 3.0 4.5 3.0 4.0 3.1 2.8
0.09 2.2 2.5 3.1 1.2 1.9 2.4 3.8 2.3 3.1 5.0 3.1 3.3
0.15 2.6 2.9 2.6 3.2 2.5 3.0 2.0 2.7 3.0 3.0 3.0 3.1
0.25 2.8 2.5 2.2 1.9 2.0 2.3 3.04.0 1.8 3.4 3.1 3.2
0.40 3.9 2.3 3.2 2.7 2.0 3.1 3.4 1.8 4.0 2.5 2.0 2.2Table A.4. Phosphorus content of pear seedlings (mg P/g dry wt.).
p level
Control Fumigated
Fumigated+ Inoculated
G.des. G.inter.
1 2 3 4 1 2 3 4 1 2 1 2
mg/L Stem
0.03 0.870.810.870.74 0.750.450.490.44 0.430.29 0.370.35
0.04 0.540.540.780.81 0.370.440.530.55 0.470.45 0.460.44
0.06 0.710.490.760.73 0.430.440.650.89 0.790.60 0.780.56
0.09 0.640.610.620.90 0.760.680.570.39 1.140.60 0.820.68
0.15 0.700.750.700.45 0.550.670.700.52 0.430.67 0.680.60
0.25 0.790.590.700.85 0.680.610.610.72 0.991.00 0.810.98
0.40 0.860.950.690.85 0.590.730.700.64 0.660.91 1.371.03
LowerLeaf
0.03 - - - - - - - - - - - -
0.04 0.931.131.261.21 - - - - -0.88 0.481.34
0.06 1.281.091.271.53 0.650.650.751.01 1.341.10 1.260.95
0.09 0.810.871.121.26 1.171.040.780.66 1.530.94 1.001.74
0.15 1.161.231.280.83 1.171.051.251.06 0.631.09 1.331.14
0.25 1.161.021.001.78 1.361.261.091.29 1.291.67 1.481.38
0.40 1.501.541.031.34 1.221.481.241.33 1.191.55 1.681.76
UpperLeaf
0.03 - - - - - - - - - - - -
0.04 1.151.641.311.62 - - - - - - 0.930.60
0.06 1.451.111.501.79 0.660.83 -2.10 2.071.46 1.351.21
0.09 0.991.311.571.49 1.321.491.001.03 2.161.24 1.793.45
0.15 2.201.831.831.76 1.981.291.311.58 0.831.38 1.991.87
0.25 2.121.361.643.08 1.441.821.182.59 1.942.23 2.831.98
0.40 2.592.261.201.79 1.381.791.332.20 2.122.23 3.572.71
Root
0.03 1.171.011.040.86 1.440.380.470.29 0.620.31 0.370.42
0.04 0.730.750.831.11 0.230.340.350.53 0.760.52 0.630.91
0.06 1.270.771.071.44 0.370.470.520.67 0.910.71 1.040.83
0.09 0.940.951.061.21 0.730.740.700.77 1.160.62 0.961.16
0.15 1.251.271.290.63 0.680.770.970.54 0.800.78 0.910.74
0.25 0.960.780.901.56 1.030.820.880.97 1.221.81 1.171.14
0.40 1.171.221.001.28 0.971.460.941.07 0.801.11 1.481.45 H0NTable A.5.Copper content of pear seedlings(mg Cu/kg dry wt.).
Control Fumigated
Fumigated+ Inoculated
G.des. G.inter.
P level 1 2 3 4 1 2 3 4 3. 2 1 2
mg/L Stem
0.03 10 12 8 9 12 12 9 6 12 8 7 6
0.04 8 5 8 10 6 2 13 5 4 4 4 6
0.06 6 4 6 5 3 3 5 8 5 3 6 4
0.09 7 4 4 5 3 5 4 2 5 3 4 4
0.15 5 5 5 3 3 4 3 2 2 3 4 3
0.25 4 3 4 5 3 3 3 2 4 4 4 4
0.40 4 4 2 3 2 3 2 2 2 4 5 3
LowerLeaf
0.03 - - - - - - - - - - - -
0.04 8 8 9 10 - - - - - - 6 6
0.06 6 5 6 9 5 3 7 8 8 5 8 6
0.09 4 4 6 6 4 7 6 4 6 5 6 10
0.15 5 6 4 4 6 6 4 4 3 3 6 5
0.25 5 4 5 7 4 4 3 3 4 6 6 5
0.40 5 6 2 4 4 4 3 3 4 6 6 9
UpperLeaf
0.03 - - - - - - - - - - - -
0.04 9 13 8 13 - - - - - - 7 5
0.06 7 6 9 12 5 4 - 13 12 6 8 6
0.09 5 6 8 7 5 8 5 3 8 4 7 14
0.15 9 10 7 5 7 6 4 4 2 4 7 5
0.25 7 4 7 12 5 4 4 6 3 11 8 6
0.40 7 10 3 5 3 4 3 4 4 6 11 8Table A.6.Zinc content of pear seedlings(mg Zn/kg dry wt.).
Control Fumigated
Fumigated+ Inoculated
G. des. G.inter.
P level 1 2 3 4 1 2 3 4 1 2 1 2
mg/L Stem
0.03 39 72 48 34 45 52 36 38 49 28 65 21
0.04 20 21 22 20 26 23 25 57 21 16 29 17
0.06 21 18 17 19 23 15 46 24 23 17 27 16
0.09 19 16 17 18 17 15 19 8 22 14 18 16
0.15 16 17 16 14 11 17 15 10 7 13 14 12
0.25 19 15 10 8 15 10 20 13 20 25 20 17
0.40 7 7 8 6 9 9 9 7 10 16 28 15
LowerLeaf
0.03 - - - - - - - - - - - -
0.04 12 14 17 15 - - - - - - 40 36
0.06 10 9 9 15 25 14 19 20 38 21 37 29
0.09 9 8 10 9 13 14 14 13 31 17 23 31
0.15 7 9 7 8 17 17 12 11 12 12 21 22
0.25 9 9 8 10 12 13 15 13 16 27 23 21
0.40 12 12 12 9 16 11 12 12 13 24 23 35
UpperLeaf
0.03 - - - -- - - - - - -
0.04 12 25 17 18 - - - - - - 18 20
0.06 14 11 12 19 17 15 - 22 54 25 26 19
0.09 8 12 13 15 17 16 19 10 38 18 30 44
0.15 14 14 14 11 24 21 15 14 12 18 32 27
0.25 20 16 12 20 13 17 18 27 26 38 32 27
0.40 17 14 12 11 18 19 11 20 21 35 47 67Table A.7.Iron content of pear seedlings(mg Fe/kg dry wt.).
Control Fumigated
Fumigated+ Inoculated
G.des. G.inter.
p level 1 2 3 4 1 2 3 4 1 2 1 2
mg/L Stem
0.03 282 527 169 208 210635422315 650 26111090 724 553
0.04 29 19 24 15 234 89 3301024 81 77 26 19
0.06 20 16 25 21 40 46 83 28 17 19 25 23
0.09 27 25 21 31 33 20 28 17 24 21 21 16
0.15 21 15 19 18 18 28 26 24 13 22 18 15
0.25 26 17 34 20 30 21 24 23 28 18 16 20
0.40 23 15 24 25 43 20 20 18 21 21 21 16
LowerLeaf
0.03 - - - - - - - - - - - -
0.04 186 136 90 132 - - - - - - 109 112
0.06 87 81 105 104 240 118 112 186 176 103 109 121
0.09 119 157 118 119 133 123 202 133 160 103 74 91
0.15 156 90 107 128 104 96 152 119 99 130 86 108
0.25 107 137 87 94 172 107 110 89 158 82 116 102
0.40 153 650 126 152 390 236 122 198 73 96 191 936
UpperLeaf
0.03 - - - - - - - - - - - -
0.04 49 55 48 85 - - - - - - 50 27
0.06 42 52 53 52 92 67 - 55 62 56 57 65
0.09 65 135 64 80 60 57 47 46 106 65 78 91
0.15 84 50 61 80 65 64 63 69 40 64 69 61
0.25 71 62 64 67 82 69 61 67 60 69 67 54
0.40 83 69 59 99 77 73 57 82 59 74 71 46Table A.8. Magnesium content of pear seedlings (mg Mg/g dry wt.).
Control Fumigated
Fumigated+ Inoculated
G.des. G.inter.
P level 1 2 3 4 1 2 3 4 1 2 1 2
mg/ L Stem
0.03 4.9 6.2 4.4 6.8 8.9 7.1 8.5 4.0 11.2 4.9 14.414.5
0.04 1.7 1.2 1.6 0.9 2.7 2.8 3.1 6.5 11.2 9.4 2.0 1.5
0.06 1.4 1.1 1.4 1.1 3.4 4.0 3.4 1.0 1.0 1.7 1.1 0.8
0.09 1.2 1.1 1.1 1.2 1.3 1.3 1.2 1.0 0.9 1.8 0.9 0.5
0.15 0.8 1.0 1.0 0.6 0.9 1.0 1.0 0.8 1.3 0.9 0.7 0.7
0.25 0.9 0.8 0.7 0.7 0.90.8 1.0 0.9 0.8 0.8 0.8 0.9
0.40 0.9 0.8 0.9 0.8 0.9 1.0 0.7 0.8 0.6 1.2 1.1 0.6
LowerLeaf
0.03
0.04 2.0 1.2 1.9 1.3 1.1 2.3
0.06 2.1 1.4 2.0 1.0 3.5 4.1 1.7 1.5 1.9 2.7 1.1 1.2
0.09 1.2 1.8 1.8 1.5 2.5 1.1 2.0 1.5 0.9 1.6 0.9 1.3
0.15 1.3 1.4 1.6 0.5 1.9 1.9 0.8 2.0 2.3 1.1 0.9 1.2
0.25 1.9 1.5 1.3 1.6 1.2 0.9 0.6 1.8 1.0 1.0 1.1 0.9
0.40 2.5 2.3 1.8 2.4 1.6 2.0 1.1 1.3 1.6 1.9 1.4 1.2
UpperLeaf
0.03
0.04 2.6 2.8 2.8 2.3 2.4 2.3
0.06 3.0 1.9 3.4 2.4 5.4 5.8 2.7 3.4 5.9 2.1 2.9
0.09 2.1 3.3 3.3 2.8 2.6 2.2 2.8 2.0 3.2 3.3 2.6 3.1
0.15 3.8 3.5 3.4 2.2 3.8 3.4 2.2 3.8 2.4 2.7 2.9 2.8
0.25 4.1 2.5 2.4 3.0 2.1 2.2 1.7 3.6 2.4 2.3 2.9 2.7
0.40 4.2 3.3 2.9 3.7 2.1 2.7 2.0 2.8 3.1 3.4 3.2 2.8Table A.9.Calcium content of pear seedlings (mg Ca/g dry wt.).
Control Fumigated
Fumigated +Inoculated
G.des. G. inter.
P level 1 2 3 4 1 2 3 4 1 2 1 2
mg/L Stem
0.03 17.826.916.318.1 28.221.123.415.5 29.218.7 34.531.0
0.04 6.9 6.5 7.5 4.7 13.313.713.325.3 29.323.2 7.7 6.2
0.06 9.0 6.2 6.2 7.4 10.810.520.3 6.9 5.4 5.8 6.4 4.2
0.09 7.1 6.5 6.5 7.0 9.6 6.9 6.9 4.8 6.2 8.2 5.8 4.1
0.15 5.7 6.3 6.8 3.9 4.8 6.2 8.2 5.5 5.0 6.7 5.5 4.6
0.25 6.3 5.3 4.3 5.7 5.9 5.3 5.3 5.5 5.5 8.7 5.6 6.3
0.40 5.9 5.6 5.4 5.6 6.8 7.6 4.7 6.4 5.8 7.6 8.6 5.1
Lower Leaf
0.03 - - - - - - - - - - - -
0.04 12.012.310.011.0 - - - - - - 8.712.1
0.06 12.512.911.713.6 14.813.214.813.8 12.713.7 10.813.3
0.09 11.511.812.014.1 14.011.213.110.1 16.811.3 11.116.4
0.15 16.214.512.712.4 12.912.712.617.5 9.912.1 13.013.4
0.25 17.212.210.916.5 12.016.610.814.7 12.213.5 11.915.1
0.40 17.417.013.419.7 17.917.516.817.6 17.517.6 13.912.6
Upper Leaf
0.03 - - - - - - - - - - - -
0.04 8.212.2 7.510.2 - - - - - - 8.0 7.2
0.06 10.4 6.810.711.3 14.710.0 -12.5 12.714.4 9.414.3
0.09 6.910.110.811.0 11.4 8.1 9.4 6.1 17.911.6 14.717.4
0.15 16.613.912.613.3 13.113.613.211.8 5.712.2 15.312.5
0.25 15.5 7.810.112.5 7.511.2 9.514.1 12.611.3 13.614.7
0.40 13.812.810.315.0 12.210.111.413.5 11.515.3 14.714.5Table A.10.Potassium content of pear seedlings (mg K/g dry wt.).
Control Fumigated
Fumigated+ Inoculated
G.des. G.inter.
p level 1 2 3 4 1 2 3 4 1 2 1 2
mg/L Stem
0.03 7.8 7.1 9.4 6.6 5.6 5.7 6.4 8.7 5.2 5.3 5.8 5.5
0.04 5.1 5.7 5.0 5.8 4.7 7.4 6.4 6.0 4.2 3.2 4.7 4.1
0.06 4.4 4.0 4.3 4.3 4.7 5.1 3.7 7.4 6.0 4.5 5.2 4.7
0.09 3.9 4.7 4.3 4.2 5.9 6.2 4.9 4.6 6.2 5.4 5.9 4.1
0.15 4.9 4.3 5.0 4.1 5.6 3.6 5.2 4.1 3.0 5.0 4.5 3.9
0.25 4.0 4.0 4.5 5.2 5.1 6.6 4.5 4.7 6.6 5.0 5.0 4.0
0.40 5.1 5.3 4.4 4.7 5.1 5.1 4.8 5.0 5.3 5.0 6.4 6.0
LowerLeaf
0.03 - - - - - - - - - -
0.04 10.113.612.612.7 - - - - - - 15.6 6.0
0.06 17.1 9.513.117.6 5.7 7.8 9.8 8.1 13.8 8.1 11.9 9.8
0.09 6.9 7.511.112.0 17.415.010.9 9.5 12.511.1 9.712.1
0.15 11.612.311.8 7.7 13.412.017.010.0 6.410.5 11.0 8.3
0.25 8.310.7 8.314.6 17.218.512.912.4 11.9 9.9 12.011.8
0.40 12.013.310.210.9 11.211.612.014.3 9.610.0 14.311.7
UpperLeaf
0.03 - - - - - - - -
0.04 13.318.011.314.3 - - - - - - 15.2 8.4
0.06 12.3 9.410.012.1 6.2 9.8 17.6 19.011.8 11.514.5
0.09 9.111.811.210.8 12.920.113.611.8 18.113.3 14.319.6
0.15 14.310.811.810.0 29.315.415.519.1 7.516.3 15.410.1
0.25 10.210.012.616.3 17.121.813.620.5 18.012.1 19.513.9
0.40 13.914.1 9.612.0 16.615.610.023.9 16.910.4 21.714.5109
Table A.11.Wheat characteristics, cultivar comparison,
Experiment 1(2 replicates)
Fumigated Unfumigated
Stephens Yamhill Stephens Yamhill
P level 1 2 1 2 1 2 1 2
mg/L Top Dry Weight (g/plant)
0.03 0.050.07 0.090.11 0.050.03 0.090.12
0.04 0.200.22 0.280.26 0.180.08 0.330.16
0.06 0.480.64 0.820.90 0.760.68 0.870.89
0.09 1.040.82 1.040.90 0.880.83 0.811.07
0.15 1.081.05 1.181.07 1.051.15 1.061.02
0.25 1.221.21 1.210.97 1.201.07 1.041.21
0.40 1.201.03 1.160.60 1.021.22 1.291.12
Root Dry Weight (g/plant)
0.03 0.080.11 0.120.13 0.060.04 0.090.11
0.04 0.350.32 0.390.31 0.140.05 0.240.11
0.06 0.370.55 0.560.60 0.350.35 0.440.45
0.09 0.630.48 0.650.61 0.600.54 0.400.51
0.15 0.610.65 0.680.51 0.590.62 0.500.51
0.25 0.630.81 0.670.57 0.740.57 0.550.68
0.40 0.700.57 0.620.27 0.480.60 0.630.56
21-day Transpiration (g)
0.03 37 56 36 29
0.04 69 67 44 49
0.06 190 223 202 203
0.09 231 229 246 251
0.15 307 245 332 241
0.25 343 228 281 264
0.40 280 128 330 254
TotalP uptake(mg/plant)
0.03 0.060.09 0.120.15 0.050.03 0.080.13
0.04 0.720.88 1.081.16 0.680.32 0.980.46
0.06 3.214.29 6.216.86 3.133.23 3.343.23
0.09 9.217.11 9.216.59 4.884.08 3.876.03
0.15 10.5311.81 10.5510.84 7.897.28 7.216.51
0.25 12.4911.59 13.2010.83 8.407.93 8.238.21
0.40 13.8710.46 11.993.81 8.610.13 9.238.58
Shoot P concentration (mg/g)
0.03 0.430.43 0.420.43 0.190.29 0.320.42
0.04 1.621.84 1.732.50 2.212.22 1.551.53
0.06 4.314.45 5.465.89 2.933.16 2.502.47
0.09 6.456.44 6.605.11 3.733.27 3.224.36
0.15 7.408.42 7.068.24 5.374.66 5.024.72
0.25 8.077.27 8.668.65 4.935.50 5.974.92
0.40 9.177.44 7.994.16 6.576.29 5.315.87110
Table A.12.Wheat shoot contents,
Experiment 1.
cultivar comparison,
P level
Fumigated Unfumigated
Stephens Yamhill Stephens Yamhill
1 2 1 2 1 2 1 2
mg/L Ca Concentration (%)
0.03 0.620.44 0.420.58 0.550.58 0.700.54
0.04 0.430.39 0.350.47 0.354.18 0.280.59
0.06 0.640.53 0.450.40 0.360.40 0.320.30
0.09 0.580.55 0.460.46 0.450.41 0.370.32
0.15 0.580.61 0.430.41 0.450.37 0.350.35
0.25 0.580.60 0.480.45 0.440.45 0.480.36
0.40 0.580.63 0.460.65 0.450.52 0.330.35
Mg Concentration (%)
0.03 0.150.13 0.130.15 0.180.15 0.190.13
0.04 0.120.11 0.090.11 0.131.44 0.100.22
0.06 0.110.10 0.100.10 0.090.11 0.100.11
0.09 0.120.11 0.110.10 0.100.11 0.140.11
0.15 0.120.12 0.120.11 0.110.10 0.110.11
0.25 0.110.11 0.110.11 0.120.11 0.130.12
0.40 0.120.13 0.110.13 0.130.14 0.100.12
K Concentration (%)
0.03 2.432.33 2.612.47 2.482.37 2.582.53
0.04 3.193.23 3.534.31 3.704.08 3.192.99
0.06 4.334.00 5.014.55 4.754.13 4.624.37
0.09 4.984.65 4.614.42 4.914.85 4.444.59
0.15 5.954.85 5.927.60 4.853.99 4.745.67
0.25 4.767.85 7.024.74 4.684.85 5.074.64
0.40 7.274.68 5.774.48 4.814.91 4.104.30
SConcentration (%)
0.06 0.200.28 0.220.24 0.340.33 0.310.23
0.25 0.350.32 0.260.25 0.300.32 0.320.30
Zn Ccncentration (mg/kg)
0.03 64.028.4 31.426.0 39.058.5 21.416.7
0.04 25.322.5 28.237.8 22.126.1 18.219.1
0.06 24.925.1 26.926.7 18.519.2 19.621.3
0.09 24.925.7 23.121.0 18.314.5 19.821.6
0.15 24.224.8 22.820.6 18.113.0 17.118.6
0.25 22.219.0 19.823.7 18.438.3 20.119.1
0.40 20.918.5 19.819.9 21.619.6 17.017.0Table A.13.Wheat characteristics, cultivar comparison,
Experiment 2(4 replicates).
Fumigated
Stephens Yamhill
1 2 3 4 1 2 3 4
Shoot Dry Weight (g)
111
Day7 0.050.040.040.04 0.050.050.050.05
Day14 0.220.300.230.25 0.220.320.330.27
Day21 0.830.740.520.80 0.941.140.711.05
Unfumigated
Day7 0.050.050.040.05 0.060.060.050.06
Day14 0.310.140.300.26 0.280.220.300.25
Day21 0.880.710.860.86 0.790.770.911.03
Root Dry Weight (g)
Fumigated
Day7 0.050.040.030.04 0.040.050.040.03
Day14 0.110.170.160.16 0.140.160.150.12
Day21 0.640.640.280.67 0.580.870.490.74
Unfumigated
Day7 0.040.040.030.04 0.040.040.030.04
Day14 0.160.070.180.17 0.160.120.160.15
Day21 0.640.550.640.57 0.580.500.580.73
Root Length (cm)
Fumigated
Day7 394 231 243 288 309 387 266 231
Day14 1150186219751518 1235160320551362
Day21 4073487922676321 4712566044194113
Unfumigated
Day7 379 278 254 336 384 368 328 372
Day14 2091108022531869 1879145719331756
Day21 7545437567095271 5416417849455514112
Table A.14.Wheat N and P content, cultivar comparison,
Experiment 2.
Fumigated
Stephens Yamhill
2 3 4 1 2 3 4
Shoot P Concentration (%)
Day7 0.700.720.580.50 0.540.770.690.62
Day 14 0.520.530.480.50 0.540.450.530.57
Day 21 0.440.440.530.43 0.540.450.530.57
Unfumigated
Day7 0.500.380.660.38 0.390.310.430.42
Day 14 0.370.460.370.41 0.330.420.340.39
Day 21 0.260.340.280.26 0.240.260.290.28
Root P Concentration (%)
Fumigated
Day7 0.420.510.340.42 0.430.590.420.45
Day 14 0.390.420.170.32 0.380.320.350.41
Day 21 0.310.320.380.25 0.360.280.360.33
Unfumigated
Day7 0.490.400.480.35 0.340.330.370.39
Day 14 0.300.330.250.30 0.250.280.220.31
Day 21 0.220.240.220.22 0.210.240.240.22
Shoot N Concentration (%)
Fumigated
Day7 2.8 3.6 3.6 3.1 3.6 2.8 2.8 3.0
Day 14 4.6 4.7 4.3 4.5 4.1 4.1 3.7 4.0
Day 21 3.5 3.6 3.3 4.6 3.6 3.3 2.6 2.7
Unfumigated
Day7 3.1 3.3 3.7 3.7 3.3 3.0 3.1 3.0
Day 14 4.6 4.3 4.4 4.4 4.3 4.1 4.2 4.0
Day 21 3.2 3.8 3.2 3.7 3.2 3.4 3.3 3.3Table A.15.Wheat root hair characteristics(6 replicates).
Nutrient Stephens Yamhill
Solution 1 3 4 5 6 1 2 3 4 5
Density(%)
High P
High NH4:NO3
92 95 95 85 88 91 82 89 85 84 86 84
Low NH4:NO3
96 92 94 93 92 86 95 89 85 84 93 77
Low P
High NH4:NO3
90 88 95 98 96 93 89 95 91 97 89 96
Low NH4:NO
3
99 97 94 98 93 97 97 97 99 99 96 99
Length(mm)
High P
High NH4:NO3
1.3 1.7 1.4 1.1 1.3 1.6 1.1 1.3 1.4 1.1 1.1 1.3
Low NH4:NO
31.3 1.2 1.4 1.4 1.3 1.2 1.3 1.2 1.1 1.2 1.3 0.8
Low P
High NH4:NO3
0.9 1.0 1.0 1.3 1.3 1.1 1.4 1.3 1.4 1.5 1.4 1.3
Low NH4:NO
30.9 1.3 1.4 1.1 1.2 1.6 1.0 1.5 1.3 1.7 1.4 1.3